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SUMMARY

The purpose of this work is to study the dynamic bebavior in the combustion of three types of
propellants used in artillery systems. These propellants include very high burning rate (VHBR), low
vulnerability ammunition (LOVA), and programmed spiitting sticks (PSS) propellants. Several advanced
non-intrusive diagnostic instruments were utilized in this study. These instruments include: a real-time x-ray
radiography system, a digital image processing system, a multi-channel laser Doppler velocimeter, and high-
speed movic cameras. A shock tunncl and a high-powered CO, laser were also employed for this
investigation.

This rescarch project was divided into three major areas: a) combustion behavior of very high burning
rate propellants, b) corrective and radiative ignition processes of iow vuinerability ammunition propellants,
and ¢) combustion and segregation pbenomena of programmed objectives, method of approach, results, and
summary and conclusion of each area is givea in Chapter 1, 2, and 3 respectively. Results obtained from this
study not only enhance the basic understanding of the complex phenomena and controlling mechanisms
associated with ignition, combustion, and mechanical deformation of these propellants but also help the design
of future artillery system with minimum hazards. A list of publications and paper presentations of the research
findings of this project is given beiow. Some of these papers are attached as Appendices of this Final Report.
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CHAPTER 1
COMBUSTION BEHAVIOR OF VERY HIGH BURNING RATE PROPELLANTS
1.1 INTRODUCTION

1.L1  Background

The term very high buming rate (VHBR) propellant refers to a solid propellant that has exhibited
apparent burning rates between 1 and 500 m/s (3 and 1600 fi5) in closed vessel tests. Before VHBR
propellants were developed in the early 1970%, the only solid propellants that burned faster than 0.5 m/s were
explosives, and explosives burned much faster, L.¢., above 2000 m/s. The burning rates for a VHBR propellant
He in the range between normal deflagration (subsonic combustion) and detonation (supersonic combustion).
One of the possible explanations for this seemingly high burning rate is porous burning: the combustion does
not occur only at the surface of the propellant (layer-b:i-layer buraing) but actually penctrates the surface and
propagates inside the propellant (volumetric burning)".

VHBR propellants are composite propellants, which, in general, contain two basic chemical
constituents, an oxidizer and a binder. The oxidizer could be HMX, RDX, AN, TAGN, or KNO; ora
combination of these. The bindet could be comprised of CTBP, carbowax 4000, GAP, NC/DNT/AA, epoxy,
or PNC. In addition to these bask constituents, VHBR propellants also contain a burning rate catalyst. Even
a small amount of the burning rate catalyst can increase the burning rate of the propellant markedly2.

The most prominent burning rate catalyst for VHBR propellants are the salts of boron hydrides,
particularly the salts of the BygH;o™ and By,H;,™ anions. Researchers know that chemical reactions
involving boron are highly exothermic; however, they do not know bow the boron could affect the burning rate
so dramatically. To make the problem worse, they do not even know if the catalytic effect occurs in the gas
or the solid phase. Some researchers speculate that the abundance of loosely bound hydrogen atoms in boron
hydride is partiaily responsible for the increased burning rate; they believe that the hydrogen atoms brezk away
from the boron hydride easily and become highly reactive free radicals. This would enhance the combustion
process in the gas phase, which would In turn, increase the beat transfer to the solid phase, The end result
being an increase in burning surface temperature and burning rate.

Since the first applications of VHBR propellants in the early 1970%, interest in their combustion
pbenomena has continued to increase. This interest arises primarily because of VHBR propellants potential
use in interior gun ballistics as a monolithic (stationary) or travelling charge. Determining the burning rate
of a solid propellant as a function of pressure is the minimum amount of information needed to design any
charge. This relatonship between burning rate and pressure is often measured using a closed bomb apparatus.

In a conventional closed bomb test, a propellant sample is burned in a sturdy metal enclosure which
retains all of the combustion products. As the propellant burns, the pressure inside the chamber increases,
and from this pressure-time data, tbe gas generation rate can be caiculated as a function of time and pressure.
If the burning surface area of the propeilant is also known, the burning rate can be deduced from the gas
generation rate. Often times, bowever, tbe burning surface area is not known with great certainty and must
be estimated. An eryor in this estimation would result in an error in tbe calculated burning rate. For this
reason, this burning rate is often called an apparent burning rate. This research focussed on measuring the
burning rate by using a series of X-ray images instead of deducing It from a pressure-time trace.

112  Objectives

The combustion behavior of three formulations of very high burning rate (VHBR) propellants was
investigated. These formulations contaln 0. 2. and 4% boron bydride, B, gH, 5. the burning rate catalyst.

The first objective was to measure tbe burning rates of all three formulations using a real-time X-ray
radiography (RT) system. In these tests, the RTR system was used to determine the Instantaneous burning
surface profile of the VHBR grains as they burned In a transient test with pressure levels reaching 330 MPa
(48,000 psi). From the X-ray images obtained from these tests, the burning rates were deduced.




2

The second objective was to measure the buming rate of the 0% boron hydride formulation as a
function of pressure and initial strand temperature. This was accomplished by using a temperature and
pressure controlled optical strand burner (OSB). The temperature of the strand humner can be set from 40°C
10 + 70°C (40°F t0 + 158°F), and the pressure can be maintained at steady leveis up to 41 MPa (6000 psi).
The 0% boron hydride formulation was tested at -10, 20, and 70°C and to the maximum pressure.

1.2 METHOD OF APPROACH

Two major diagnostic toois were Incorporated in this study: a real-time X-ray radiography (RTR)
system and a pressure and temperature controlled optical strand burner (OSB). The RTR system allowed
burning rates to be measured under dynamic pressurization up to 345 MPa (50,000 psl), and the OSB allowed
for burning rate measurements at constant pressures up to 41.4 MPa (6000 psi).

121 Real-Time X-Ray Radiography Study

Two test rigs were deslgned and bullt for this portion of the study: a medium-pressure (MP) test rig
and a high-pressure douhle-windowed (HPDW) test rig. The medium-pressure test rig reached a maximum
pressure of 172 MPa (25,000 psl) and the HPDW reached 345 MPa (50,000 psi).

1211 X-Ray System

The purpose of the real-time X-ray radlography system is to generate many instantaneous images of
the propellant grain as It hurns in a high-pressure chamber. A schematic diagram of the X-ray system is shown
in Figure L1. The X-rays are produced in the X-ray head, pass through the test rig and are intercepted by
the image intensificr. The image intensifier then transforms the X-ray image into a visible-light image with
a time constant of less than 1 microsecond. This visible-light image is then recorded with a high-speed video
camera (up to 12,000 pps) and later analyzed with the image processing system. A brief description of the X-
ray system is given in Appendix A in the Method of Approach.

1.2.1.2 Medium-Pressure Test Rig

Figure 1.2 shows a dlagram of thc medium-pressure test rig.  This test rig can reach a2 maximum
pressure of 172 MPa (25,000 psl). The heart of this device is a fiberglass or carbon-fiber tube. Because of
their relatively low X-ray attenuation and high strength, these two materials are sulted for this
application. The tubes had an inner diameter of 2.86 cm (1.125 in.) and an outer diameter of 4.13 or 4.76 cm
(1.625 or 1.875 in.). In this chamber, X-ray images of an end-hurning cylindrical grain were recorded at 4000
pictures per second. This test rig was also used to conduct interrupted hurning tests of VHBR propeflants.
A more detailed description of this test rig {s given in Appendix A.

1.2.1.3 High-Pressure Douhle-Windowed Test Rig

Figure 1.3 shows a dlagram of the high-pressure douhle-windowed (HPDW) test rig used in
conjunction with the X-ray system. This chamber was tested to a maximum pressure of 345 MPa (50,000 psi).
The free volume of the chamber is 320 cc. As was the case with the medlum-pressure rig, the heat of this
chamber is the filament-wound fiberglass tube. The tube has an inner dlameter of 6.99 cm (2.75 in.) and an
outer diameter of 12.06 cm (4.75 in.). It can accommodate a cylindrical grain which has a diameter of 5.08
cm (2.0 in.) and a length of 5.08 cm (2.0 In.). In a typlcal test, the graln had a length of 3.38 cm (1.33 in.) and
a perforation diameter of 0.63 cm (0.25 in.). It had a mass of 110 gm which created a loading density of 0.34
gm/cc. A description of this test rig is given in Appendix C.

122  Pressure and Temperature Controlled Optical Strand Burner
Figure 1.4 shows a schematic dlagram of the strand burner. The design conditions of the strand burner

are as follows: the temperature range is -40°C to + 70°C (<40°F to 158%F), and the pressure level range is
vacuum to 41.4 MPa (6000 psl). The size of the propellant strand was 6.3 mm (0.25 in.) in dlameter by 5.08
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cm (2.0 in.) in length. For each test, the external surface of the propellant sample was coated with a very thin
layer of flame inhibitor (cellulose acetate); this provided a very effective means for preventing side burning,

especially at higher pressures.

1.3 DISCUSSION OF RESULTS

Quantitative results obtained from this study Include burning rate measurements from a real-time X-
ray radiography system and a pressure and ieriperature controlled optical strand burner. In addition to these
results, this study helped to answer some questions concerning the combustion mechanisms associated with
very high burning rate behavior of sGlid propellants. Detailed results are provided in Appendices A, B, and
C

13.1 Results Obtained From Rezl-Time X-Ray Radiography Study

The medium-pressure and the high-pressure double-windowed test rigs were used in conjunction with
the real-time X-ray radiography (RTR) system to observe the combustion phenomena of three formulations
of VHBR propeilants. These propellants contained 0, 2, and 4% boron bydride, the burning rate catalyst.

1.3.1.1 Results Obtained From the Medium-Pressure Test Rig

The grain configuration for these tests was an end-burning solld cytinder. X-ray images were typically
recorded at 2000 or 4000 pictures per second. The maximum chamber pressure was 172 MPa (25,000 psi) with
a test duration of approximately 100 ms.

The first series of tests conducted in this chamber used a propeilant grain that was encased in a thin
fiberglass casing. The X-ray ucages obtained from these tests clearly sbowed that the burning surface did not
regress with a planar contour (see Figure 5, Appendix A). In later tests, the fiberglass casing was removed
and a coating of cellulose acetate, a flame inhibiter, was applled to the circumferential and base areas. This
resulted in a grain that do burn with a fairly planar contour (see Figure 6, Appendix A). Once a planar
burning surface was obtained the linear burning rates were readily deduced. These burning rates are plotted
as a function of pressure for all three formulations in Appendix A, Figures & .nd 9.

Observation of the X-ray videos revealed that all of the tests conducted in this chamber showed that
the propellant grain remained as one plece, i ¢., tbe grain showed no signs of break-up. This result was
confirmed by analyzing individual X-ray images with tbe Image processing system: the grain remained fairly
cylindrical throughout the test (see Figure 7, Appendix A).

1.3.12 Results Obtained From the High-Pressure Double-Windowed Test Rig

Test involving all three formulations of VHBR propellant were performed in the high-pressure
double-windowed chamber with a maximum pressure reaching 331 MPa (48,000 psl). Each propellant grain
bad a single perforation diameter of 0.63 cm (0.25 in.), outer diameter of 5.08 cm (2.00 in.), and a length of
3.38 cm (1.33 in.). All tests were conducted under similsr conditions, i. e. same Igniter pressure, sample
geometry and mass. The video images were recorded at 500 pps with the high-speed video camera (Spin

Physics 2000).

Figure 4 of Appendix C sbows some of the results of a test involving the 0% boron hydride
formulation. Over two hundred video images were obtalned during this test which lasted over 400 ms. The
four images in this figure clearly sbow the outward progression of tbe inner radius of the grain as the relatively
high density propellant is replaced by low density gases. The pressure-time trace emphasizes how the
progressive nature of a center-perforated grain create a tremendous increase in pressure after a long interval
of relatively slow pressure rise.

For all three propellant formulations, the burning rates as a function of pressure were deduced.
Figures 6, 7, and 8 of Appendix C contain plots of burning rate versus pressure for all three formulations.




The solid line in cach of these plots represent data that was obtained from the medium-pressure test rig with
an end-burning configuration.

132 Results Obtained From Temperature Sensitivity Measurements

Strand burning rates for the 0% boron hydride formulation were measured at three temperatures: -
10, 20, and 70°C. ‘These burning rates ate presented in Figure 13 of Appendix C. Each point on the graph
represents data obtained from a single test. A slope break is observed at 21 MPa. Below the slope break, the
pressure exponeats of the burning rates are quite close; however, above the slope break, the pressure exponent
at 70°C is larger than those at the other two temperatures.

The temperature sensitivity for the 0% boron hydride formulation is plotted in Figure 14 of Appendix
C. Discontinuities in the temperature sensitivity occur at the burning rate slope-break point of 21 MPa. As
the initial temperature of the propellant increases, the sensitivity decreases.
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14 SUMMARY AND CONCLUSIONS

From the X.ray images of the tests conducted in tbe medium-pressure test rig (end-burning grain),
grain deconsolidation was not observed under translent test conditions up to 172 MPa (25,000 psi).

An increase of boron bydride concentration from 0 to 2% has a significant effect on the burning rate.
However, a further increase in boron bydride from 2 to 4% does not change the magnitude by any
significant amount. Slope breaks In log-log plots of burning rate versus pressure were noted for these
VHBR propeliants.

The measured pressure-time traces and recorded X-ray Images for Identical test conditions show a
high degree of reproductibility. This implles a high potential of utilizing this family of VHBR
propellants for gun interior ballistic purposes.

Interrupted burning tests of the 0% formulation revealed that dimples were geacrated in the burning
surface; however, microscope images of the recovered samples indicated that very insignificant
amounts of subsurface reaction occurred. This can be verified by the fact that the color of the
subsurface zone is the same as in the virgin material

In the high-pressure double-windowed (HPDW) tests, the X-ray images show that the propellant
grains remain as consolidated charges without breaking into small fragments at pressures np to 331
MPa (48,000 psi).

The translent burning rates obtained in the HPDW test rig (center perforated grain) are reasonably
close to the transient burning rates measured in the O-frame chamber with an end bumning
configuration.

A recovered grain which extinguished at 331 MPa (48,000 psi) sbowed a rough burning surface. The
entire surface is covered with dimples which are visible 10 the naked eye. These dimples are
approximately 0.5 mm In diameter by 0.5 mm deep. From SEM pbotographs, smaller, less populated
dimples are evident; on the microscoplc scale, the binder’s surface is quite smooth.

For the 0% boron hydride formulation, the transicnt burning rates are approximately 22% lower than
the strand burning rates.

The temperature sensitivity was measured as a function of pressure and initial temperature. The
sensitivity increases as the temperature decreases.
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CHAPTER 2

CONVECTIVE AND RADIATIVE IGNITION PROCESSES
OF LOW VULNERABILITY AMMUNITION PROPELLANTS

2.1 INTRODUCTION
2.1.1 Background and Motivation

As is the unfortunate case with most comhustihle materials, the solid propellants employed in rocket and
ballistic propulsion systems are extremely hazardous in nature. The military and industrial community has long
recognized these dangers and placed significant emphasis on reducing the probability of costly system failures which
can result in the loss of irreplaceable human lives and expensive material. |4 Part of this hazards reduction program
involves the formulation of solid propellants which exhibit desirable "insensitive™ munition behavior.2+> These
materials, typically used in large caliber hallistic rounds, are classified hy the military as low vulnerability
ammunition (LOVA) solid propellants. Many LOVA candidates now under consideration are hased on
cyclotrimethylenetrinitramine (RDX) and cyclotetramethylenetetra-nitramine (HMX). These nitramine-hased
propellants display a high thermal stability, a Jow sensitivity to ballistic vulnerahility, low smoke output and high
specific impulse or impems.6 With the advent of LOVA propellant formulations, which are hy design difficult to
ignite, there is increased interest in understanding the ignition characteristics of composite solid propellant materials
to both desirable and undestrable stimuli.

Due to the extreme temperatures, pressures, geometric complexities, and short time scales involved, the
fundamental physical and chemical processes which characterize the ignition of solid propellants in ballistic
applications have always been difficult to examine. For example, a typical large caliber hallistic round is shown in
Figure 2.1. The igniter tube is located in the center of a main solid-propellant bed which is composed of either
granular or stick-shaped propellant. The igniter tube usually contains several grains of pyrotechnic material which is
easily ignited hy either a mechanical or electrical primer system. The resulting comhustion gases enter the main
propellant bed through a series of holes and heat the grains or sticks via convection from hot gases, radiation from

huming particles and hot gases, and conduction from hot impinging particles T

The standard method of determining propellant formulation effectiveness in a gun system is to employ a
simulator. A simulator is an instrumented version of a particular gun chamber which measures important ballistic
performance information. These tests, through a systematic trial and error approach, provide an excellent method of
determining the optimum igniter and charge loading density for a given hallistic system. Many such tests, for
various caliber weapons, have been carried out with LOVA propel]ants.s'” However, simulator tests, by virtue of
their complex geometries, are difficult to interpret in terms of the fundamental information which can be more easily
ohtained hy using small-scale laboratory tests, This shortcoming was identified at a JANNAF workshop

cocoordinated hy Stiefel and Kuo.12

Small-scale tests, by incorporating simple geometries and quantifiahle energetic stimuli, lend themselves to
realistic model validation of chemical and physical processes which are important to the ignition process. These
tests, however, are not without some drawbacks. Typically, the design of a test focusés on the energy input to the
sample from a single, external source. Since the process inside a gun chamber involves a number of different
heating mechanisms, several small-scale tests would be required to fully characterize the propellant material. This
process is not only expensive and time-consuming, hut most laboratories do not possess the necessary equipment to
consider such a comprehensive analysis,

2.1.2  Prohlem Statement

The ignition process of solid propellant materials is affected by a large number of parameters. Included in this list of
parameters is the mechanismn or source of external energetic input to the sample which starts the ignition process.
Many excellent research programs have been carried out to ohserve and understand the ignition response of solid
propellant materials to a single, external stimulus. However, the ahility to relate the results of these programs

11
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Figure 2.1 Typical Large Caliber Ballistic Round with Granular
Solid Propellant Bed

to the propellant response when sobjecied 10 a different type of stimulus docs not exist. A global ignition theory for
solid propellant maserials which includes the effects of different stimuli has not yet been discovered.

This program addressed part of this problem; the relationship between the ignition characteristics of XM-39,
an RDX-based solid propellant, subjected 10 various thermal energetic stimuli. The thermal mechanisms are
coavective beating by a high temperature, high rressure gascous flow and radiative heating from a CO? iaser source,
MmmnwwﬂthfmdhﬁemthMdnmmmm
the process.

2.1.3  Program Objectives

The intent of this program is to increase the effectiveness of the small-scale laboratory testing process and to
better understand the ignition response of LOVA propellants to the thermal stimuli preseat within a gun chamber.
This includes convective heating from a hot, gaseous flow and radiative heating from a CO7 laser source. An
experimental program has been carried out to study each of these processes independently using small-scale
Iaborstory test methods. A theoretical and nomerical analysis is used 10 examine the relationships between these two
different thermal mechanisms.

‘The major objectives for the program are twofold: (1) to separately examine the ignition of RDX-based solid
propellant grains in well controlied experiments and identify important physical mechanisms to the different ignition
processes and (2) use theoretical and empirical analyses of the test configurations, which compensate for the different
mmwnw-mmmamumwmmm;mmmg
chemical reactions, 10 compare and relate the results of the experimental studies. From the vnderstanding obtained
this study, mﬂdwiﬁo@n&mtmmathmMameeﬂaulmﬁmmdum
conditions is cahanced.

Thelpecﬂcmpsukmhthumdy-e

reconstruction of a shock tunnel facility.
examination of the convective ignition of XM-39 with a shock tmmel facility.
reconfiguration of the shock tunnel into a shock wbe.

examination of the conductive ignition of XM-39 using a shock tube facility.
examination of the radiative ignition of XM-39 using a CO7 laser test facility.

bl ob ol o o
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cbservation, using optical and scanning clectron microscopy (SEM), of pretest and post-test sample surfaces
from the ignition tests.

generation of an empirical relationship between the experimental data.

formulation of a simpie onc-dimeasional theoretical model for the conductive and radiative test configurations
based partially on experimental observations.

cooncurrent numetical solution of the one-~dimensional radiative and conductive model using experimental
ignition delay data for validation.

© ®N o

2.2 EXPERIMENTAL APPROACH

The experimental aspect of this project was made up of two separate test programs. The first of these tests was
designed to examine the ignition of RDX-based XM-39 solid propellant grains when subjected w0 predominanty
convective heating from a high temperature, high pressure flow field. This type of flow is represeatative of what is
found in standard gun chambers during the practical ignition process. From the Literature, it has aiready been shown
that » shock tanel facility provides an excellent means of g 'gthenecessar'yﬂowcuuﬁﬁom.n'w Therefore,
the shock tunnel facility used previously by Birk and Cavenyl3:14 and Kashiwagi ot al.15-18 was obtained,
recontructed and used to generate the high iemperature, high pressure gas ficld required for this portion of the project.

A zecond test was used to obsecve ignition of the same solid propellant when subjected (o laser-generated
radiative heating. An existing CO2 laser facility, especially designed to study solid propellant ignition under high
momdmm'n.muﬂimdfwmkmdmcwm. These tests were designed to provide
data for eventual theoretical model validation and to obtain insight into the important physical processes which occur
during the ignition of nitramine-based s0lid propellants.

The two facilitics are very beiefly described in the following sections. Further descriptions of the convective
ignition st equipment can be found in Appendices D through G. For more details on the radiative ignition test
equipment see Appendix H and the cited references.

2.2.1 Convective Ignition Tests
2.2.1.1 HPCL Shock Tunnel Facility

The High Pressure Combustion Laboratory Shock Tunnel Facility is a total of 24.1 m: (79 fi) lJong. The major

are the driver section (9.7 m/31.8 fi), driven section (8.5 m/27.9 ft) and the exhaust chamber (5.9

m/19.3 ). The inside diameter of the tunnel is spproximately 9.718 cm (3.826 in.). The driver section has a

maximum rating of 12.4 MPa (1800 psia) and is charged with helium gas. The driven section can be vacuumed

down 10 pressures as low as 1.38 kPa (0.2 psia) and the test gas can be composed of any combination of oxygen and

nitrogen. The tunnel is operated remotely via a test console located just cutside the test cell. Firing of the tunnel is
accomplished through a double burst Gapbragm technique in order © achieve consistent incident shock strengths.

The shock tunnel is used to create a reservoir of high temperature, high pressure gas which in turn induces a
convective flow through the test section, Ideally this flow is of a steady temperature and pressure throughout the
available test ime. Under certain "tailoced interface” conditions, the shock tube theoretically should provide the
maximum useful test time. Experimental measurements found the maximum available test tme occurred with an
incident shock wave Mach number of 3.70 - 3.80 into air or nitrogen.

2.2.1.2 Convective Ignition Test Section

- The test section is located at the end of the driven section and is characterized by a sudden cross-sectional arca
change from the 9.718 cm (3.826 in.) diameter round shock twmnel to a 2.858 cm (1.125 in.) square duct. A cut-out
side view of the test section is shown in Figure 2 of Appendix D. Quartz windows located on the wop and sides of
the test section {side windows not shown in the figure) provide optical access. Perforated plates are located at both
the upstream entrance and downstream exit. The downstream exit plate acts as a nozzle which chokes the flow and
controls the velocity of gas through the test section. The upstream perforated plate was added %o help damp out

13
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initial pressure oscillations caused by the starting transient of the flow when the shock wave passes through the test
section and to act as a flow straightener,

2.2.1.3 Diagnostics for Convective Ignition Tests

Diagnostics are highlight in Figure 3 of Appendix D. Three or four Kistler 601B1 pressure transducers locaed
along the driven section of the tunned detect the arrival of the shock wave at fixed locations and are used 10 measure
the speed of the incident shock wave. Another Kistler 601B122 pressure transducer is located in the test section,
2.54 cm (1.0 in.) upstream of the sample, as can be seen in Figure 2 of Appendix D. To determine ignition delay,
five RCA 1P28 photo-multiplier tubes with filters are used remotely via fiber optic mubes mounted on the top
window of the test section. High speed visualization of the event is accomplished through the two side windows
using a Kodak Spin Physics SP2000 high-speed video system with backlighting,

2.2.14 Test Samples

The propellant used for this study was XM-39 (Lot #A5-1184-113) which has a formulation of 76% RDX,
12% cellulose acetate butyrate (CAB), 7.6% acetyl triethy] citraie (ATEC), 4% nitrocellulose (NC), and 0.4% ethyl
centralite (EC). The grain geometry was cylindrical with a nominal diameter of 7 mm (0.28 in.) and leagth trimmed
to a constant 0.74 cm (0.29 in,). The graphite coating was removed prior to testing, and the surface was polished
until it was visually smooth. The sample was mounted in the test section with the induced flow perpendicular to the
length of the grain.

2.2.2 Radiative Ignition Tests
22.2.1 CO; Laser Ignition Test Facility

The CO» laser irradiation facility, shown schematically in Figure 3 of Appendix H, was constructed for a
previous program and has been well-documented. 2021 A Coberent Super 48 high-powered CO7 Iaser is used as the
radistive source. This laser is capable of generating 800 watts in the continuous wave mode and 3500 watts in the
pulsed mode. The beam is directed to the test chamber by a series of silicon mirrors and, for safety reasons, the path
is completely enclosed by anodized guide tubes.

2222 High Pressure Test Chamber

The high pressure test chamber was built in l9sznaspmofapmgramwithmemm0rdinmce8taﬁon.
The chamber is designed to be operated at internal pressures up w0 5,000 psia. Two long, nammow plexiglass windows
located on the "front™ and "back” of the circular chamber provide optical access o allow for high speed filming of the
ignition or flame spreading event. A galium arsenide window, protected from combustion products by a potassium
chloride window, is mounted on the top of the chamber to allow for passage of the CO7 laser beam. The sample is
mounted on a special section which is inserted into the bottom of the chamber.

2.2.23 Diagnostics for Radiative CO2 Laser Ignition Tests

Data from this diode is stored on a Nicolet digital oscilloscope which is triggered by the firing of the CO?2 laser.
Two types of cameras were used to film the ignition event and determine the location of ignition. A conventional
video cainera was used 10 look at the color of the flame and to give reasonably good spatial resolution. A Spin
Physics 2000 high speed video camera was used 10 obtain the necessary time resolution of the ignition and flame
development.

2224 Test Samples
The XM-39 solid propellant samples for the radiative ignition test had the same chemical formulation as the

samples used in the convective iganition portion of this program. The samples were obtained in stick form,
spproximately 10.16 cm (4 in.) in length and 0.7 am (28 in.) in diameter, and were not perforated or graphite coatad.
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These sticks were cut by hand using a razor blade into short discs of about .7 cm (.28 in.). These discs were glued
into place on the sample holder such that irradiation is upon the flat end of the disc-shape. The sample holder is
inserted into the ceater of the test chamber.

2.3 EXPERIMENTAL RESULTS AND DISCUSSION

The results of the convective and radiative ignition tests are summarized in the sections below. Detailed
presentation of these resulis has been made previously in numerous publications which are provided as Appendices D
through H. Because there is a significant amount of radiative ignition data available in the literature for nitramine-
based propeilants, a very small number of tests were performed (o provide ignition delay data for possible model
validation. The availability of experimental data which could assist in characterizing the convective ignition of
nitramine propellants is scarce, at best. Therefore, the convective ignition testing was inuch more comprehensive,
involving significantly more diagnostic complexity.

2.3.1 Coavective Ignition Test Results
2.3.1.1 Freestream Oxygen Dependency

For the tests perfornmned in a nitrogen environment, no ignition or luminous flame was detected by either the
high speed video or the photomultiplier tube detection system. When the test gas was changed to air, ignition of
the XM-39 solid propellant grain was observed for many of the imposed test conditions. A definite freestream
oxidizer dependency of the ignition delay time was observed in the convective ignition tests. This result
substantiates peevious observations by others. Birk and Cavenyl3.14 showed a similiar result for HMX/PU
propellant. In a 100% nitrogen environment, no ignition was observed for Reynolds numbers between 7,000 and
10,000. As oxidizer was sided to the test gas, ignition in this Reynokis number range was observed and the ignition
delay time decreased as t.¢ concentration of oxygen in the (st gas increased. ﬁmiditioually,Ch:mgamlRt:m:r:hioz
tiave also shown that oxidizer rich igniters can reduce long ignition delays in gun simulator studics.

2.3.1.2 Ignition and Flame-Spread Observation

Visual observation of the ignition location and subsequant flame-spreading on the propellant sample were
considersqd very important. The observed phenomena was similar for all tests in which ignition was observed. Still
pictures taken from the high speed video along with a detailed discussion can be found in Appendix D (Figure 7).
Ignition was always observed in the region of boundary layer separation in a location just beyond 90° from the
leading edge. Flame spread was across the downstream surface. There was minimal flame spreading, if any, in the
upatream direction.

2.3.1.3 Ignition Delay Time

‘The messurement of ignition delay time was accomplished with photomultiplier tubes. The trace which first
recorded a signal larper than three times the average noise value was used to determine the ignition delay value. The
ignition delay times obtained in this fashion were compared to the observed video resulis for clarification. In many
cases, a flash of light from the sample surface was observed on the video very early during the £~ time (<3 ms).
Because this coincides with the arrival of the shock wave and the transient start-yp time, this phenomena was not
casily observed on the more sensitive photomultiplier versus time trace. This phepomenon was also observed by
Birk and Cavenyl3-14 in their study of nitrocellulose propellants. It can be explained using the following
rationalization. Whea the incident shock wave arrives in the test section, the beating rates to the sample are very
high. This bas been substantiated by the heat flux data taken by Birk and Caveny.!3:14 Gasification of the
propellant material ¢an take place and subsequant reactions observed. However, this ‘transient’ ignition was not
always able 10 sustain burning for the entire test time because the heating rates decrease sharply with the onset of the
quasi-steady flow through the test section. The sampie, once quenched, would usually, but not always, reignite later
during the steady-state convective heating period and sustain burning until the end of the test time. It is this sacond
ignition point which has been labeled the ignition delay time (tID).
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The couditions and ignition delay time results for the tests performed in air are given in Table 1 of Appendix

G. Aoonelaﬂonsxmilmtothatpufamedbyl(ellcretallgwasfoundusmgthemvecuve lgmuon delay tme
data for the XM-39 LOVA solid propellant. This analysis is completely described in Appeadix G.

2.3.14 Microscopic Analysis of Propellant Surface Characteristics

Both optical and scanning electron microscopy (SEM) analyses were performed on recovered test samples. The
mnluot'thisuudysegwmmAppcndnGmthefamofnmofmao—pbowgraphsmmaommymg
descriptions. The micro-photographs indicate the formation of a liquid 'melt' layer similar to that described by
numerous other researchers and a number of rice-like structures are visible across the surface. There are also a
number of circular holes in the surface, especially in the region where ignition was cbserved.

232 Radiative Ignition Test Results
232.1 Test Conditions’

Since a major goal of this program is the comparison of the radiative and convective ignition behavior for XM-
39 LOVA solid propellant, the conditions for the two tests had 0 be as similiar as possible. Therefore, the test gas
used for all radiative ignition tests was air and the pressure of the gas in the test chamber was the samwe as those
experieaced in the test section of the shock tunnel facility (200-500 psia). The heating rates vary over the surface of
the sample in the convective ignition test so a simple analysis based on stagnation heating of an inert sample was
carried oot to determine the heat flux rates 1o be used with the CO9 laser facility in the radiative ignition tests.
Heating rates were varied from 100 to 400 W/cm?2.

2.3.2.2 Observed Ignition and Flame-Spreading

Direct high-speed video of the ignition event was obtained and used 10 get an idea of the ignition location. The
method used for all of these tests was to mark the Jocation of the surface of the propellant using adjustable reticles
on the viewing screen. The position at which light could first be observed was compared to the surface location.
For all ignition tests, the Jocation of the first luminous reaction was always very near the surface or at the surface,

2323 Ignition Delay Time

The ignition delay time was measured ysing a silicon photodiode and checked using the high-speed video
image. The data from this portion of the test program are shown in Table I of Appendix H. Included in this table is
the pressure of the air in the test chamber, the incident heat flux from the CO72 laser and the ignition delay time.
The standard method for portraying ignition delay data for radiative ignition tests is a plot of the delay time verses
incident heat flux on a log-log plot (see Figure 5 of Appendix H). The slope of the data collected for the XM-39
solid propellant when plotted using this method is approximately equal to -1.3. It can be theoretically shown for
constant fully absorbed radiative beating of a semi-infinite, one~dimensional medium to a fixed temperature value,
the slope of time 10 temperature versus heat flux is equal 1o -2.0. If the value of the slope is less than -2.0 (ie. -2.5)
it wogld imply an addidonal heat input from a source, such as chemical reactivity, plays an important role in
determining the ignition delay time.

Allowing for less than full absorption of the incident radiant flux due 10 surface reflectivity and beam
attenuation due W interactions with gas phase species and particies, a slope of -1.3 can reasonably be interpreted as &
dominant inert beating mechanizm in the radiative ignition process. This does not mean that gas-phase reactivity is
not impoctant 1o the process. This only mesns that the time required to achieve ignition is dominated by the tnert
beat-up tine and that once gasification is achieved, the chemical reaction time is very short.

2.3.24 Pressure Dependency
Radiative ignition tests were run over the entire range of pressures which were measured in the shock tunnel

tests 30 that comparisons could be made (200 - 500 psia). Within the capabilities of the diagnostic equipment, no
variation in the light emission time was observed in the pressure range studied.
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2.4 COMPARATIVE ANALYSIS OF CONVECTIVE AND RADIATIVE PROCESSES

In this section, the physical and chemical processes which are important to the igaition of XM-39 composite
solid propellant under either convective or radiative heating are discussed in detail. There is also a description of how
the two processes may be more directly related.

24.1 General Description of the Convective Ignition Process

The convective ignilion of nitramine composite propellant material involves many complex pbysica! and
chemical processes. Based on the observations made during the experimental portion of this study and inferred from
other studies described in the literature, the following is a summary of the important mechanisms which lead to the
ignition of these materials when exposed to convective thermal heating. Figure 7 in Appendix (G has been composed
to assist in the understanding. The picture represents the formation of boundary layer flow over the surface of a
nitramine-based composite solid propellant grain in the geometry under study. The freestream gases are at a very
high pressure and temperature while the propeilant surface is initially at a uniform low temperature.

During the first part of the event, the flowing bot gases convectively heat the propellant sample without any
resulting chemical reactions. This represents the inert beat-up time of the sample, which can be very significant in
length. Because of the nature of the flow, the heating of this surface is not uniform in the flow direction and the
problem must be considered as two-dimensional. As the temperature of the surface of the propellant rises,
conduction heat transfer carries the energy 1o the interior of the solid material and the heat flux to the sample is
redoced due to the Jower thermal gradient between the surface and the gases. Due to the composite nature of the
propellant, the conductivity of the material is not uniform and this heat flux could be very uneven, Also there are
gas to surface and surface to chamber wall radiative heat transfer components which must be considered.

Eventually, somewhere on the propellant surface, the solid material begins to decompose, liquefy and/or
evaporate. This most probably occurs near the leading edge where the beating rates to the solid material are the
highest and the temperature increase is the most rapid. Many experimental studies have provided evidence of the
formation of a liquid "melt' layer. The composition of this liquid remains unknown but it could include melted
propellant and decomposition products which result from a reaction that involves a solid to liquid phase change.
Additionally, some of the solid material could decompose and cvaporate directly into the gas phase. Finally, the
liquid melt layer subjected to further heating will alse either evaporate or decompose into the gaseous phase.

Up to this point, the majority of the heating is assumed to be convective flux from the freestream flow. Some
exothenmnic reactions could occur im the solid and liquid phases but it is generally accepted that these reactions arc
probably not as significant to the ignition as the exothermicity of the gas-phase reaction processes. These gas-phase
reactions display a delay time during which oxidizers from the propeliant and freestream mix with fuels and farther
heating by the freestream occurs. Therefore the decomposition products generated at the leading edge of the sample
will not react compietely until much further downstream, The resulting chemical reactions at this downstream
location generate a relatively large amount of energy. Some of this energy is Jost 1o the test chamber walls and the
freestream but a significant amount acts as a beat feedback mechanism to the sample surface which generates more
gas-phase decomposition products. The heat feedback mechanism provides a means by which the propellant can
'feed’ upoa itself. Ignition results when the exothermic reactions in the gas-phase become the dominant soarce of
heat flux to the propellant surface and the freestream heating is no longer required to maintain the reactivity of the
propellaot.

There are many complications to the above description which must be considered. First, because of the shear
forces at the gas-liquid interface, the liquid surface will flow along the solid surface. The effects of this liquid layer
are very dependent on the heating rates, flow conditions and thickness of the layer. Sccondly, the liquid layer is
actually a two-phase flow. Gascous bubbles have been observed within this layer by various studies, including this
one. The importance of this phenomena to the overall ignition process is not fully understood but it has been
examined by Li et al. [23], who theoretically included the two-phase nature of the nitramine surface in a combustion
model. They concluded that consideration of the gaseous phase in the condensed phase bad a negligible effect on the
final solution.
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Due to the delay time associated with the mixing processes and the requirement that exothermic gas-phase
reaction must occur in close proximity to the sample surface, an aliowance must be made to increase the residence
time of the decomposition products within the reaction zone. This is described in terms of a dimensionless
Damkohler pumber, (Da):

Da:_l.tb!__
1 reaction (24.1)

If the Da is very small, the time during which the gascous species are in the reaction zone is much less than
the time needed for chemical reaction (o occur. If this is the case, the gaseous species generated from the propeliant
surface are carried by the flow and dissipated downstream. Without heat-feedback from gas-phase reacticns, ignition
cannot occur. It is therefore desirable to increase the value of the Damkohler number. This is done by increasing the
residence time and decreasing the reaction time. This can be accomplished by the formation of a recirculatioa region
near the surface of the propellant. This type of flow raises the value of the Da by increasing the residence time,
mixing ratcs and heat transfer effects of the. gases near the surface (see Figure 7 m Append?~ G). Ignition can locally
occur near this recirculation region because the heat feedback to the surface generates gaserus decomposition products
which provide the necessary oxidizer and fuel for the reaction zone. From this lecal igniuon region, flamespreading
over the propellant sample ooccurs.

2.4.2 Geuneral Description of the Radiative Ignition Process

Many of the processes described above for ©° 2 ~onvective ignition process are also important to radiative
ignition. There arc several basic differences that must &¢ accounted for, though. Figure 2.2 includes the
mechanisms which are considered to be important. Initially, the surface of the solid propellant is heated inertly by
incident radiative energy. Due o the radiative properties of the solid propellant surface, some of this incident energy
is absorbed, some is reflected away from the suriace, and some is wansmitted into the condensed pbase. Within the
solid-phase, heating is due to conducti~+ “om the rise in temperature at the surface and indepth absorption of the
transmitted incident radiative eLrrgy  The absorpticn and reflective processes are very difficult to analyze but
represent importan differences boower . radiative, onductive and convective heating processes. As in the case of
convective beating, at som- point pa - the solid phase will decompose, vaporize, liquefy and/or melt.

Usually the bulk of the decomposition processes will occur very near the surface of the propellant but
st urface reactions are possible. With nitramine propellants a thin liquid ‘melt’ layer is known to form on the
surface of the propellant. 1t is assumed that the liquid layer is of similiar composition to that observed under
copvective beating. As ga*i evolve from the surface, some of the extemal radiative energy is absorbed and reflected
be “are it can reach the samyie surface. This atienuates the heat flux o the sample surface but could the absorption
prooess could enhance gas-phase reactivity. The gaseous species generated from the propellant mix due to diffusion
and » amral convective processes with each other and ambieat gases. Exothermic chemical reactions in the gas-phase
occur resuiting in heat feedback to the sample surface. Up to this time the net flow of energy has been from the
propeilant surface to the surrounding environment. With the increase in exothermic reacitivity in the gas-phase,
this proccss is reversed and the propellant has achieved an ignition condition.

243 Comparative analysis of the Radiative and Convective Processes

There are major physical differences between the convective and radiative processes which must be considered
and compensated for appropriately for the the results to be properly related. An empirical study is described in
Appendix H which would provide a general correlation of ignition delay time (time to first light emission) as a
function of several extemal parameters.

2.5 THEORETICAL APPROACH

Although an empirical analysis, such as that described in Appendix H, would be useful in identifying how
selective external parameters affect the ignition delay time of a solid propellant, it would not provide a quantifiable
understanding of why these parameters affect the phenomena observed. To supplement this type of empirical
analysis, it would be extremely belpful 1o include a reasonably strong theoretical study of the process.
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In the discussion below, a one-dimensional theoretical model of the ignition process for XM-39 solid
propeliant is proposed. This model can be used to study either the radiative or conductive test configurations through
proper adjustments to the initial and boundary conditions. Originally, this program had intended to include a
compeehensive model of the coavective ignition configuration. However, based on the experimentally observed
ignition phenomena of the convective process, it became clear that a numerical solution of the complex two-
dimensional, recirculating flow with chemical reactivity in both the gas and condensed phases would require a
significant amount of computational effort despite the inclusion of several questionable assumptions. This approach
is not reasonable becanse the many assumptions and simplifications would sericusly jeopardize the effectiveness of
the convective ignition model to provide the necessary comparison to the radiative or conductive ignition resylts.

As is always the case with mathematical model developtnent, simplifications and adjustments must be made.
It most be kept in mind, the purpose of the study is not to generate a predictive model for the conductive and
radistive ignition of XM-39 solid propellant, but to present a simplified model which, if validated concurrently by
the ignition data of both tests, may provide some indication of commonality between the ignition response of XM-
39 solid propellant when subjected to distinctly different thermal input mechanisms. The model sharcs the same
ignition chemistry in the gas and condensed phases, while compensating for the proper physical configurations and
mechanisms. In the following sections, the chemical model is preseated, the goveming mathematical equations are
derived and possible solution methods are discussed.
2.5.1 Chemical Model

The ignition model is to be used only as a comparative tool, therefore it is not necessary to consider a complex
chemical model.  Appropriately applied to this problem is an approach similiar to that of Price and Boggs [24).
Their model is ideal for use in the theoretical development for this program for three reasons: (1) it globally
accounts for important chemical processes which are believed to be responsible for nitramine ignition, (2) it has been
applied previously, with some success, to experimental data foe an HMX/PU composite propellant and (3) its
relative simplicity regarding the aumber and type of chemical reactions considered. The major chemical paths are
shown in Figure 2.3, The model assumes there are two separate, competing pathways with only five species
considered: XM-39, A, B, freestream oxidizer 02, and product P.

A(gas) + Oxygen ~—* Product
A(solid) — A(gas)
/ A(gas) + A(gas) —* Product
XM-39 '
B(gas) + Oxygen — Product
B(solid) —= B(gas)

B(gas) + B(gas) ———-Pro.duct

Figure 2.3 Reaction Pathways for the Chemical Model of Ignition
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Within the condensed phase, freestream oxidizer is not considered. Path A is sn endothermic process; path B is
an exothermic process. At the surface of the propellant, both solid A and solid B vaporize 10 become gaseous A and
gascous B. Within the gas phase, species A can react with ltself in a fashion similar to a monopropellant or with
the freestream oxidizer. Species B can react in a likewise fashion, bowever, the two gas-phase specics cannot react
with each other, This type of model hopefully accounts for the major processes which ocour dosing the ignition of

XM-39 LOVA propellant while maintaining the simplicity of a globally lamped chemical reaction.

Because the chemical model is global, pre-determination of reaction rate constants and activation coergics is
very difficult. To appropriately model the complex ignition chemistry for nitramine-based materials would be a
monunental task. The globally lnmped model which has been proposed should be sufficient to provide an indication
of whether the chemical nature of the ignition process is similar for the different methods of external energy input
considered. An error minimization technique will be incorporated to help determine the appropriate values of
activation energies and rale constants which can be used. Initial estimates can be obtained from the original model
proposed by Price and Boggs. 24
2.5.2 Simplifying Assumptions and Discussion

The following is a list of assumptions nsed to simplify the ignition model:
(1) solid and gas-phases are one-dimensional.
() peglect composite nature of propellant and treat as homogeneous material.
(3) gas pressure is constant (momentum equation unnecessary).
(4)  gases obey the perfect gas law. .
(5) indepth absorption of radiative energy is included.
{6) material and thermal properties of the solid are constant.
(D neglect the effects of he liquid layer,
(8 neglect diffusional and viscous stress terms in the gas-phase energy equation.
9 neglect the buoyancy serms in the gas-phase energy and species equations.
(10) consider the gas-phase as a non-participating medium with respect & the incideat energy flux.

The assumption of ooe dimensionality (1) is based on the geometry of the test situation. The effect of sample
edges on the ignition process are Ignored. ‘This is a comparative analysis between the conductive and radistive
ignition processes, therefore the effect of the composite nature on the variation of ignition between these two
methods is not as important as the gas-phase processes (2). No external forces are applied to the ambient gas so the
pressure remains relatively constant (3). It is common in the study of combustion 1o assume the perfect gas law
hoids (4). Indepth absorption can be considered by including a term based on an exponential factor (5). The opacity
of the propellant material is unknown but many researchers consider this to be important (o the igaition process.
Further simplification is achieved through assumptions (6}, (7). (8), (9), and (10) which are common to combustion
modeling. If necessary, fummduamof&upxoblemmyexpmdthemdelmmpcnsatefa‘myof
these effects.

2.5.3 Goveming Equations

Provided below are the govemning equations for the ignition model based on the assumptions listed above. The
y-coordinate is sormal o the sample surface with y » 0 at the gas/solid phase interface.

Solid-Phase Energy:.

ot a'y a'Yz PsCs (25.1)

The regression rate of the solid surface is approximated by the following termn which assumes the rate is a
function of the surface temperature and the amount of reacted material;

Vreg=(YAQ) + YB(s)) As exn{
RyTly=0 (252)
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The energy source term is given by the following expression which includes terms for chemical reactivity and
indepth absorption of radiative energy:

Sg= {AA(s)(l - YA®)- Ya(s))exp[ “”HAHRA()'r

{ Ap@) (1 - YA@) - YB(s) W{- Fﬁ%ﬂ AHRB(s) + B &ad (1 - Preg) explBy]

(25.3)
Solid-Phase Species:
Maw , Vreg L O AAgs) (1- Yacs)- YB(s))ﬂl{ A6
ot dy (254)
aYB(S) +V aYB(S) = A 1-Y .Y - EB(__S)_]
" reg 2y B(s) ( A(s) B(s)) RyT 25.5)
Gas-Phase Continuity:
2‘. + a(_pﬁ_vﬂl =0
ot oy (25.6)
Eguation of State for the Gas-Phase: v
P=pgRyT X —
i MW Q57
Gas-Phase Energy.
_°x_ v _"'8__ 9|y, 2T}, Sg
vEEe (k‘ @58
The source term for the gas-phase energy equation includes the effects of freestream oxidizer:
Sg= {AA(‘)Y%@ ex{ -ﬂ” AHRA(;) + {AA()(‘)YA@YO(&) exp{ ]] AHRAO(g)
AH, YB(2) Y - AH
{ B“’Y%“’“‘{ T]} RB“”{‘ BO® B 0“’"’{ ReT H REO® 159
Gas-Phase Species Conservation:.
i, A1) 3 (o, ;214 s,
p‘(at”‘ ay) ay(pgD'ay)+s' 2.5.10)

where the source terms for the individual specics considered are given by:
SA@=- (Mwﬁwuv[ —“Q]MAowYAw‘fowuv[ Erog))
SB(Q--(AB@YEQ) e:q{- E—i—‘_‘}]-o-!\ao@‘fn@‘{o@ cx;{- RqT
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© complese the problem, the species equation for the final product is given by:
Yp=1-Ya(g)- YB(®)- YO(p) 25.12)
254 Initial and Boundary Conditions
The initial and boundary conditions are used to define the type of problem. By varying these conditions the
model can be used to solve either & radiative or conductive ignition situation. The initial conditions (t=0) for the

solid-phase (y<0) are the same regardicss of the whether the problem is radiative or conductive in nature. These are
given by:

2.5.11)

T=Ti; YA()=0; YB(s)=0 (2.5.13)

Within the gas phase (y>0), the initial condition, To. depends on the problem. If the problem is radiative, the
valoe of T, is equal to Ti. A conductive problem relies on the high temperature of the gas-phase (Tg) W drive the
ignition process: '

T=To: Yjg)= Yji; vg=0 (2.5.14)

Boundary conditions at y = - assume the propellant material acts as & semi-infinite body over the course of the
uwwo

T=Ti; YA(s)=0; YB(s)=0 (25.15)
‘y-iﬂ:

E-O; a_Yalg.).-O; V‘SO

ox ox (25.16)

Aty = 0 there is a coupling of the gas and solid phases through the following:

T‘IT‘; p‘V‘-p‘vm‘ :
aYj .
'P‘VﬂzYﬂ!-0-'|Pg\'gYiy-oﬁ-Png?yj- “%

|5

T
.|p’V c‘Tl 0-=- -—-I +| PV, Tl = +
o reg ys ayly= |zz°: y=0+

y-
p‘TzchDja—Yj-ﬁ-fhﬂ
j dy

(2.5.17)
where grad is the laser heat flux inpuot value which for conductive ignition problems shoud be set equal 10 zero
2.5 SUMMARY AND CONCLUSIONS

The tollowing conclusions about the convective ignition of XM-39 LOVA propellant can be reached based on
the resolts obtained and discussed above:

1. Convective ignition and flame spreading phenomena of XM-39 solid propellant have been successfully
observed using the technique of Birk and Caveny [13,14). Strong evidence of gas-phase ignition mechanism bas




been experimentally observed. Sustained convective ignition occurs in the region near the boundary layer
The presence of freestream oxidfizer is very important 10 the ignition process. In the absence of oxidizer in the
fest gae, DO convective ignition was observed, Ignition was achieved in ests carried cut in an air mmosphere.,
Two possible sites of ignition have been identified: circumferential surface ignition and edge surface ignition.
Scparae correlations have been developed for these two types of ignition phenomena.

From cbeervation, the sample surface can reach ignition due t0 incident and reflected sbock wave heating during
the transieot start-up time of the test. The heating is very intense but very short in duration. However, if the
thermal profile during this period is too thin W achieve self-sustained ignition, subsequant ignition could occur
during the nearly steady-state operating time.

Microscopic analysis of recovered propellant samples shows the formation of a liquid layer. The composition
of this liquid snd it importance to the ignition process is still unkown and should be studied further.

After ignition the flame propagates from the shoulder region o the rear stagnation point. The sample acts as a
flame holder. in the wake region the local flow velocity is reduced and the flarne can sustain.

With respect to the radiative ignition of nitramine propellants:

1.
2,
3

Radiative ignition tests bave been carried out using a high pressure CO2 laser ignition facility.
Ignition delay times for XM-39 solid propellant has been successfully comrelated to the incident heat flux.
Linle or no pressure depeadency was observed for the radiative ignition of XM-39 in the range of pressures
betweea 150 and 550 psig.

Due 0 the physical differences between the scparste testing methods, proper comparison can oaly be carried out

using a theoretical analysis coupied with the experimental program. Separate models for analyzing the convective
and radistive ignition tests bave been formulated. The chemical models employed by both the convective and
radistive analyses are identical. Concurrent solution of these models using the experimental data obtained in this

for validation should provide a strong indication of the possible link between the mechanisms of ignition

program
when the propeliant maderial is subjected o different forms of thermal heating.
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CHAPTER 3

COMBUSTION AND SEGREGATION OF PROGRAMMED SPLITTING STICK
PROPELLANTS

3.1 INTRODUCTION
311 Motivation and Objectives

For certain gun propulsion systems, stick propellants (SPs) have proven to be superior to conveational
randomly packed granular propellants. Indeed, they give increased muzzie velocity duc mainly to increased
loading deasity, improved performance reproductibility, increase charge deslign flexibility and reduced pressure
oscillations and overshoots. " 10 These advantages have motivated a strong development of different types of
SPs to enhance their qualities and reduce their defects. One of the qualities sought is progressivity. The
simplest stick propellant, a long cylinder without perforations, is regressive because the burning surface
decreases during the ballistic cycle. Single- and multi-perforated SPs are almost neutral or slightly progressive.
A progressive charge could be employed 10 reduce the pressure peak in the early phase of the ballistic cycle
allowing the achievement of a larger loading density, and hence a higher muzzle velocity, without excoeding
certain specified maximum gun pressure. Therefore, progressivity is a very desirable property in SP charges.

To better understand the importance of progressivity, It is necessary to relate the pressure-travel curve
olthchnukﬂchetotheehsucsmn;lhofthegun.uasshmmﬂgures.l. Alter the shot start
is reached, pressure in the gun is determined by the competition between the gas generation rate due to the
propellant burning and the rate at which new volumes is created by the displacement of the projectile. The
pressure increases very rapidly at the beginning of the ballistic cycle of a conventional charge because the gas
generation rate s relatively high and the velocity of the projectile is still low. Once the peak pressure is
reached, the pressure decays very fast because the gas generation rate decreases due to the regressive property
of conventional charges, and the projectile velocity increases.  The projectile speed at the muzzie is roughly
proportional to the area under the pressure-travel curve; therefore, in order to increase this speed, more
propeliant has to be burned. However, if a heavier charge is used, the pressure will exceed the gun strength.
The only way to solve this problem without changing the guu is to maintain a low initial gas generation rate
which increases as the ballistic cycie advances. This is the property called progressivity.

Several novel progressive charges have been proposed, such as erosive-augmented burning, pressure-
supported perforation-augmented burning, perforation-augmented burning, consolidated propellant charges,
monolithic charges, muitiple granulations, multi-layered propellants, programmed ignition and Programmed
Splitting Sticks (PSS).12 PSS propellants, the topic of this research, were first proposed by A. W. Horst and
F. W. Robbins in 1983;13 they later filed a patent In 1986.14 The objective of this propeliant is to provide
a theoretically unlimited progressivity using the propellant extrusion technology presently avaflabie. The basic
idea is 10 extrude a stick propellant with a shape that will provide a discoutinuous increase in the burning
surface at a certain time in the ballistic cycle. In order to generate the increased burning surface, Horst and
Robbins designed a grain that will split into several smaller parts in a programmed manner, Le., at any
predetermined time in the ballistic cycle. With this remarkable property, PSS could represent a significant
advance in ballistic research.

PSS are non-perforated stick propetlants with several radial slits along the full leagth of the grain,
resembling a cut pie in cross section (see Figure 3.2). The grain is held together by a thin band around its
periphery and the ends are sealed 10 avoid early ignition of the internal surface. Burning of the grain starts
on the outer surface and, when the externsl band burns though, the grains splits into several
pieces. The splitting of the stick propellants substantislly Increases the burning surface, producing a highty
progressive charge. Theoretically, PSSs can provide any degree of progressivity by changing the band thickness
and the number of internal skits. The manufacture of PSSs is assumed to be relatively simple because the
material employed s the same used in conventional propellants and the forming process is basically the same
as the one presently used: extrusion in long strands. A technique for sealing the cuds may represent the major
challenge. In theory, PSSs offer many qualities and could be produced with small changes to present
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Combustion of PSS propellants, however, is not yet fully understood. Indeed, in the limited m%:c!
reponied, the actual behavior of PSS charges disagrees with what was theoretically expected

Nevertheless, PSS propeliants do offer better performance than conventional charges; a 10% increase in the
muzzle velocity of the projectile has been reponed 16 The mismatch between the expected and actual results
indicates that important mechanisms governing PSS propeltant combustion have been ignored. In conclusion,
it is necessary to know what those mechanisms are and to assess their effect in the propeliant performance
in order to design practical artillery charges.

The objectives of this research are (1) to study the dynamic splitting mechanisms igvolved in the
combustion of PSS propellants and to develop a reliable end-seal technique; (2) to develop a predictive model
for simulating the combustion process of PSS bundles; and (3) to compare the calculated results with
experimental data obtained from simulated gun tests.

3.2 METHOD OF APPROACH

321 Experimental Approach

The expcrimental research ¢f combustion and splitting of PSS propellants was divided into two parts:

the study and visvalization of combustion and splitting mechanisms, and the development of a good end

Eue. A good end sealing technique was required because, according to the research work done

prcviously S the suspected reason for the unexpected performance of PSS propellants has been the carly

failure of the e¢nd scal that causes the unprogrammed splitting of the grains. Consequently, this research
focused at first on end-seal methods and experimental procedures to test the seal performance.

The first set of test firings were made in a small fiberglass chamber that permitted the visvalization
of combustion and splitting processes using real-time X-ray radiography. However, since the section of
propellant sample that can be tested in this chamber is too thin, there was not enough contrast and it was not
possible 10 see the splitting process with sufficient resolution. A second set of test firings was conducted in
a simulated gun (SG) chamber with the main purpose of testing the performance of different end-seal
materials and methods developed in this research. The mechanisms responsible for unprogrammed splitting
processes were soon discovered during this second set of tests. The limitations of the SG chamber, however,
made necessary an improved test chamber. These limitations are the impossibility to visualize the combustion
and splitting processes and the relatively low maximum working pressure, around 140 MPa (20,000 psi), which
is Jess than one half the peak pressure of a gun (over 345 MPa or 50,000 psi).

A test chamber, a high-pressure double-windowed (HPDW) chamber, was designed and built to
improve on the limitations of the other two chambers. The HPDW chamber allows for testing of propellant
samples of thicker sections.

Four kinds of tests were performed in the SG chamber: interrupted bumning, slow venting, closed
bomb and simulated gun. Most of the tests conducted in the SG chamber were of the interrupted burning
type. In this kind of test, the burning process was interrupted at a pre-determined chamber pressure in order
10 recover the partially burned grains and study the splitting mechanisms involved. In slow venting tests, the
SG chamber was vented through an orifice to partially simulate the increase volume created by the projectile
motion in a gun barrel. A closed bomb test constitutes a rather standard and casy test to estimate the instant
whea the grains split. Finally, simulated gun tests are more difficult to perform, and test preparation has to
be extremely careful since 2 projectile is loaded into the barrel. Tests performed in the HPDW chamber were
of the closed bomb type.

Chapter 2 of Appendix I describes in detail the end sealing materials and methods developed, the
three test chambers already mentioned and the instrumentation used. Additionally, a description of the data
reduction processes employed is included.
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322 Theoretical Approach

The physical model considered in this work divides the interior volume of the combustion chamber
and barrel into six basic scparate regions: (a) breech side gas region, (b) projectile side gas region, (€)
interbundie gas region, (d) two intergranular gas regions, and (¢) two solld propellant regions. These six
regions are shown in Figure 3.3. The breech side gas reglon (BGR) consists of the ullage between the charge
and the breech. BGR receives the combustion products of the primer and the igniter base pad charge;
however, this region does not include condensed phase Ignlter products. The volume of the BGR increases
with time because the Igniter burns out and the solid propellant charge is displaced forward towards the
projectile side. The projectile side gas region (PGR) Includes the ullage between the propellant charge and
the projectile. The volume of PGR decreases in the early stages of the ballistic cycle, as the charge moves
forward and the projectile remains still, and increases later when the projectile accelerates in the barrel. The
interbundle gas region (IBGR) includes the ullage between the two bundles of PSS. The integranular (IGGR)
gas regions include the volume between the grains. Condensed phase combustion products are neglected in
this region since they are usually very small. Finally, the solid propellant regions include the propellant grains
and assume that all the grains in a bundle move together inside the chamber and barrel

A lumped parameter model is used for the BGR, IBGRs and PGR. This simplification is quite good
at the beginning of the ballistic cycle because the volumes involved are relatively small. Once the projectile
moves 2 sufficlent distance along the barrel, the volume of these gas regions will be 100 large to have an
accurate simulation with a lumped parameter model; at this stage, however, the pressure is relatively low and
the inaccuracy will be of no great concern. These lumped parameter regions are used as the boundary
condltions of the more involved model for the Intergranular gas regions.

The intergranular gas regions are modeled by one-dimensional non-viscous equations, including mass,
momentum, energy and five species conservation equations. All these equations have a source term due to
the interaction with the solid propellant region and 10 species generation as a consequence of chemical
reaction. The boundary condltions are given by the lumped parameter region in each end.

The solid propellant region is also modeled, in general, using one-dimenslonal equations. The grains
are divided into families, corresponding 1o each propellant bundle, with common characteristics; a single grain
of each family is modeled assuming that the rest of the grains behave in exactly the same way. The energy
equation for the solid propellant is used oaly at the beginning of the combustion cycle to calculate the heat
transfer toward the grain and the resulting surface temperature, in an attempt 10 predict Ignition and flame
spreading. Once the grain surface temperature reaches a threshold in a particular axial locstion, ignition is
assumed and the empirical burning rate law is used. After ignition, the energy equation is no longer necessary
and therefore is not solved. An important parnt of this model corresponds to the calculation of the new
burning surface arca created by grain splitting.

Detailed governing equations for various region, boundary and initial conditions, and numerical
solution method are given in Chapter 3 of Appendix I.

3.3 DISCUSSION OF RESULTS

Detailed results obtained from this study are given In Chapter 4 of Appendix I. A summary of these
results is given below. The most important conclusion of this research is that PSS grains can produce
sugmented burning surface area as expected, when used under the proper conditions. The main variables
which affect the performance of PSS charges Include the end-sealing technique, length of grains, propellant
formulation, and design of the Ignition system.

There are two modes for PSS grain fragmentation: normal splitting, the expected mode, and
premature or abnormal fracture. Abnormal fracture of PSS gralns is responsible for the undesirable
performance of this propellant found by previous researchers. For the pvrpose of this research, normal
splitting is defined as the gramentation of PSS grains due t0 band breaking or vband burning. Fragments
generated by normal splitting are shaped as long slivers, On the othes hand, abnormal fracture of PSS grains
is defined as grain fragmentation due to generalized breaking of the propellant. Abnormal fracture generates
small frregular fragments.
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Normal splitting PSS grains, considering the defirition given above, may be produced by dynamic
forces coupled to a reduced band thickness. Once the band thickness is small enough, the band itself may
break due to external forces acting on the grain, However, sometimes the grain does not split after the band
is compietely burned; the slivers remain together held by the end seais. The actual instant at which splitting
occurs depends on the magnitude of the forces and %he strength and length of the grains. This fact, which
agrees with the concept of effective band thickness,1¢ makes it difficult to predict the precise instant when
splitting occurs. Additionally, splitiing dependence ~n dynamic forces suggests that PSS grains may not split
in 8 perfectly uniform way in a real gun environment if dynamic forces are not uniform in all the grains.

End-scal failure has been stated as the mechanism producing abnormal fracture of PSS grains by
previous researchers. However, there are other mechanisms besides end-seal failure producing premature
fragmentation of PSS grains. Examination of propellant recovered from interrupted burning tests indicates
that seals made with the appropriate technlque survive the high pressure and temperature environmeat in the
combustion chamber. Notwithstanding, PSS grains can be prematurely fractured by dynamic forces generated
by rapid combustion of the propellant, pressure waves and high pressurization rates. The mechanisms for
abnormal fraction can, therefore, be classified into two groups: seal failure and action of external forces, Seal
failure, and the subsequent ignition of the internal surface, over pressurizes the slits producing the premature
fragmentation of the grain. External dynamic forces include impacy of the grains against solid walls, axial
compression produced by large pressure gradients along the chamber, and radial compression due to the
difference between external and internal pressures.

A relisble end seal can be obtained, as mentioned before; however, the method developed in this
research is too labor-intensive to be used on a large scale. In order to producc practical artillery charges with
PSS propeliants, a sealing technique adapted to mass production of PSS grains must be developed.

Abnormal fracture of PSS grains can be controlled by a careful design of the charge and the ignition
system. Grain length has a strong effect on premature fracture. Shorter grains are stronger and provide &
more predictable performance. Propellant mechanical properties can also significantly affect the charge
sensitivity to dynamic forces. The ignition system determines the magnitude of dynamic forces in the carly
stages of the ballistic cycle, having a slgnificant effect on premature fracture of PSS grains.

Flame spreading in the surface of the slits seems to be slower and less uniform than in the external
surface of the grains. All the recovered grains with evidence of internal burning show portions of the internal
surface without indication of burning. Additionally, in most cases of internal burning, burning surface area
curves display littie or no increase in the burning surface area, and show waves typlcal of the ignition transient
during the whole event. This particular characteristic of the curves, no increase in the burning surface area
and protonged ignition translent waves, suggests that Ignition of the surface of the slits was still progressing
when the rupture disk went off. Delayed Ignition of the Internal surface is produced by the collapse of the
internal void of the slits, preventing the easy flow of hot gases after the band burns through. Internal void
collapse in the early stage of combustion is evident in the X-ray images obtained.

Results from the theoretical model and numerical code (PROSTICK) developed in this research
explain the particular behavior observed in the tests conducted. The long Ignition delay at the beginning of
the ballistic cycle and the effect of the position of the charge In the chamber with respect to the Igniter are
justified by the model as a process of heat transfer enhanced by the velocity of the gases. The movement of
the stick bundles in the chamber and the collision of the bundles against the projeciile base and against each
other is also demonstrated by this model.

The code IBHVG2 gives pressure traces quite different from the experimental results due to Its
inherent incapacity to simulate flame spreading and the ignitlon transient that, for this research, are important.
The importance of flame spreading in this research is due to the low loading denslty used in the tests. When
higher loading densities are used, as In real guns, the ignition translent is much shorter and flame spreading
is more uniform; in that case, IBHVG2 seems to provide fairly accurate results.
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3.4 SUMMARY AND CONCLUSIONS

The dynamic splitting mechanisms and combustion processes of programmed splitting stick propellants
have been studied experimentaliy and theoreticaily. Resuits from this study indicate that the PSS
grains can produce augmented burning surface arca as expected.

The mechanisms responsible for abnormal fracture of PSS grains are end-seal failure and action of
external dynamic forces.

From this work, it was proven that a reliable end seal can be achieved.

Abnormal fracture of PSS grains can be controlled by a careful charge design (shorter grain and better
mechanical properties) and a proper ignition system (to reduce external dynamic forces).

Flame spreading in the surface of the slits is slower and iess uniform than in the external surface of
the grains. Internal vold collapse in the early stage of combustion, which was observed from the
recorded X-ray images, causes ignition delay of the internal surface.

A theoretical modei and numerical code was developed to simulate the burning and splitting processes
of PSS charges.

Comparison of numerical results and experimental data showed good agreement in terms of time
histories of chamber pressure and projectile veiocity.

Results from this theoreticai work can be used to explain behaviors observed in the related
experimental tests conducted. The iong ignition delay at the beginning of the ballistic cycle and the
effect of the charge position in the chamber with respect to the igniter are exhibited by the numerical
results. The movement of the stick bundles in the chamber and the collision of the bundles against
the projectile base and against each other is also demonstrated by this model.

The theoretical model and numericai code can coatribute to the understanding of the processes
involved in PSS propeliant combustion and will heip to design practical PSS propellant charges.




10

11.

12,

14.

15.

16.

35 REFERENCES of CHAPTER 3

Robbins, F. W. and Horst, A. W., "Slotted Stick Propellant Study,” Proceedings of the 20th JANNAF
Combustion Meeting, CPIA Publ, 383, Vol. I, Oct. 1983, pp. 377-386.

Robbins, F. W. and Horst, A. W., "A Simple Theoretical Analysis and Experimental Investigation of
Burning Processes for Stick Propellanis,” Proceedings of the 18th JANNAF Combustion Meeting,

CPIA Pybl 347, Vol 11, 1981, pp. 25-34.

Minor, T. C, "Ignition Phenomena In Combustible-Cased Stick Propellant Charges,” Proceedings of
the 19th JANNAF Combustion Mecting, CP1A Publ. 366, Vol. 1, 1982, pp. 555-567.

Horst, A. W., "A Comparison of Barrel-Heating Processes for Granular and Stick Propellant Charges,”
Memorandum Report ARBRL-MR-03193, U.S. Army Ballistic Rescarch Laboratory, Aberdeen
Proving Ground, MD, 1983.

Chiu, D., Grabovsky, A., and Downs, D., "Closed Vessel Combustion Studies of Stick Propellants,”
Proceedings of the 20th JANNAF Combustion Mecting, CPIA Publ. 383, Vol. I, 1983, pp. 393-402.

Minor, T., "Mitigation of Ignition-Induced, Two-Phase Flow Dynamics in Guns through the Use of
Stick Propellants,” Technical Report ARBRL-TR-02508, U.S. Army Ballistic Resecarch Laboratory,
Aberdeen Proving Ground, MD, 1983,

Robbins, F. W., Kudzal, J. A., McWilliams, J. A., and Gough, P. S., “Experimental Determination of
Stick Charge Flow Resistance,” Proceedings of the 17th JANNAF Combustion Mecting, CPIA Publ.
329, vol. 11, 1980, pp. 97-118.

Gough, P. S., "Continuum Modeling of Stick Charge Combustion,” Proceedings of the 20th JANNAF
Combustion Meeting, CPJA Publ. 383, Vol. I, 1983, pp. 351-363.

Gough, P. S,, "Modeling of Rigidized Gun Propelling Charges,” Contract Report ARBRL-CR-00518,
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD, 1983,

Horst, A. W, Robbins, F. W., and Gough, P. S., *“Multi-Dimensional, Multiphase Flow Analysis of
Flamespreading in a Stick Propellant Charge,” Proceedings of the 2th JANNAF Combustion

Mecting, CPIA Publ. 383, Vol. I, 1983, pp. 365-386.

Krier, H. and Adams, M. J., "An Introduction to Gun Interior Ballistics and a Simplified Ballistics

Code,” in Interjor Ballistics of Guns (H. Krier and M. Summerfield, eds.), ALIAA Progress in
Astronautics and Aeronautics, Vol. 66, 1979.

Robbins, F. W. and Horst, A. W., "High-Progressivity/Density (HPD) Propelling Charge Concepts;
Progress of Programmed Splitting Stick Propellant,” Memorandum Report BRL-MR-3547, U.S, Army
Ballistic Research Laboratory, Aberdeen Proving Ground, MD, September 1986.

Robbins, F. W. and Horst, A, W., "Feasibility Study of Programmed Splitting-Stick Propellant Charge
Concept,” Third International Gun Propeliant Symposium, October 1984, pp. 304-317.

Horst, A. W. and Robbins, F. W, *Programmed Splitting Solid Propellant Grain for Improved
Ballistic Performance of Guns,” U.S. Patent #4,581,998, April, 1986.

Robbins, F. W,, Minor, T. C, and Horst, A. W., "Continued Studies of Programmed-Splitting Stick
Propellant,” Memorandum Report BRL-MR-3624, U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, MD, 1987.

Kuo, K. K. and Robbins, F. W., “Workshop Report: Combustion Characteristics of Stick Propellants,”
25th JANNAF Combustion Meeting, NASA Marshall Space Flight Center, Huntsville, AL, October
1988,




_

Appendix A




Yy

UNCLASSIFIED

STUDY OF COMBUSTICON BEHAVIOR OF VERY HIGH BURNING RATE PROPELLANTS
USING A REAL-TIME X-RAY RADIOGRAPHY SYSTEM
R. M. Salizzoni®, W. H. Hsieh™, K. K. xuo™™*
Department of Mechanical Engineering
The Pennsylvania State University
Univeraity Park, PA 16803

and

L ]
A. A. Juhasz
U.S. Army Ballistie Research Laboratory
Aberdeen Proving Ground, MD 21005

ABSTRACT

Some of the major parameters affecting the burnling rate of a propellant are its formulation, the
chamber pressure, the initial temperature of the propellant, and the flow condition in the vicinity
of the burning surface. For a very high burning rate (VHBR) sclid propellant, it is suspected that
the cenfinement of the grain and the rate of pressurization could also significantly influence the
burning rate. The primary cbjective of the present research is to study the burning mechanism of
VHBR propellants by determining the effect of these parameters on the burning rate and the instant-
anecus burning surface profile. A second objective 13 to conduct a feasibility study for using
real-time X-ray radiography to observe the combustion phenomena of VHBR propellant.

The real-time X-ray radlography system is used to determine the instantaneous burning surface
profile of the VHBR grain at framing rates up to 4000 pps (system maximum rate= 12,000 pps). The
eylindrical grain [2.86 cm (1.125 in) diameter by 2.54 cm (1.0 in) long] is end burned in a fiber-
glass or carbon-fiber compcosite tube [6.4 mm (0.25 in) thieck} with transient chamber pressures up to
180 MPa (26,000 psi) and a test duration of approximately 100 ms, Linear burning rates up to 70 cm/s
(28 in/s) at 140 MPa (20,000 psi) were observed with no evidence of any "unconventlonal” burning
mechanism, i. e. voelumetric burning or grain break-up.

INTRODUCTION

. The term very high burning rate (VHBR) propellant refers to a solid propellant which has exhibi-
ted apparent burning rates between 1 and 500 m/s (3 and 1600 ft/s). VHBR is so named since
conventional propellants buqn up to 0.52m/s (1.5 ft/s) and explosives above 2000 m/s (6500 ft/s).
Some researchers like Fifer and Kooker”™ prefer the term VHLR which stands for very high linear
regression rates. 1In this paper, the terms VHLR and VHBR are synonymous., The burning rates for a
VHBR propellant lie in the range between normal deflagration (subsonic combustion) and detonation
(supersonic combustion). One of the possible explanations for this seemingly high burning rate is
porous burning; the combustion does not occur only at the surface of the propellant (layer-by-layer
burn}ng) but actually penetrates the surface and burns ingide of the propellant (vclumetric burn-

ing)~.

The mest prominent burning rate catalysts for a VHBR propellant are the salts of boron hydrides
(particularly B HTo and B1 H12). VHBR propellants are composite propellants, and a typical chemical
formulation wouig consist og a“fuel, an cxidizer, and a binder. The fuel would be the boron hydride
salt, while the oxidizer could be HMX, RDX, AN, TAGN, or KNO; (er a combination of these), and the

o

binder could be CTPB, carbowaxi000, GAP, NC/DNT/Ad, epoxy, PNC.

An applichtion of a VHBR propellant was discuassed by Helmyu where he cutlined the design ecriter-
ia for VHBR solld propulsion system in an in-tube burning rocket. An objective of the in-tube
propulsion system is to produce a maximum thrust in a minimal amount of time. Righer rocket veloei-
ties within the launcher provide greater range, accuracy, and effectiveness of a weapons system such
as an anti-tank missile or antl-aireraft missile. A propellant with a very high burning rate is
almost a necessity for such high-performance missile systems.
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One of the first VHBR propellants marketed was manufactured by Teledyna McCormick Selph under
the trademark of HIVELITE {(High Velocity Ignition Propagation Cord}. One application of the HIVELITE
propellant was in high energy tranafer cords which consisted of a core of HIVELITE encased by a pro-
tective lead jacket and further restrained by successive layers of polycoat and fiberglass braid.
With these cords, the ignitiocn of the HIVELITE could be initiated at cne end and propagate through
the cord at a nominal rate of 250 m/s (800 ft/s). The cords were completely sealed and contained all
of the products of combustion. If a number of these cords were attached to a parachute harness, the
parachutist cogld release his harness instantly in an emargency sitvation, such as landing in water

on a windy day”.

Since the first applications of HIVELITE in the early 1970's, interest in the combustion pheno-
mena of VHBR propellants has inereased steadily because of its potential use in interior ballistics
as a monolithic or travelling charge. A simple and useful tool for studylng combustion characteris-
tics is the conventional closed bomb. From tha measured P-t trace, the instantaneous quantity of
combustion product gases and the mass of propellant consumed can be deduced, For this type of test,
the burning rate determined is often called the apparent burning rate, since the propellant regres-
sion rate is not actually being measured through direct observation, and soma assumptions, such as
constant burning surface area, are often made.

In the early 1980’s, a burning rate study for different formulations of VHER propellants was
conducted at the U. S. Army Ballistic Research Laboratory, using the closed bomb as a major diagnos-
tie tool”. One of their objectives was to study the confinement effects of the grain on the
propellant burning rate. The samples used in the study consisted of unconfined, bare cylinders,
12,7 mm (0,5 in) diameter by 50.8 mm (2.0 in} long, and cylinders of the same size grain that were
encased in steel sleeves 1.57 mm (0.062 in) thick. They foun¢ that the apparent burning rates for
the confined samples were often considerably higher than the unconfined samples. For one of the for-
mulations tested, the burning rate increased from 2.3 m/s (7.5 ft/s) at 50 MPa (7250 psi} in the
unconfined sample, to 247 m/s (810 ft/s) in the confined sample. A second observation worth noting
here is that the burning rate data for the unconfined samples were considerably less reproducible
when compared to the confined samples,

While deduecing the closed bomb pressure-time data is arduous work at best, determining the
actual combustion processeg and being able to predict them, appears to be a much mora formidable
task. Kooker and Anderson” postulated a potential combustion mechanism that would account for the
"unconventionally®” high burning rates exhibited by VHBR prepellants, They then developed a theoreti-
cal model consisting of numerous partial differential equations which were solved numerically,

The predominant combustion mechanism in Kooker and Anderson's model invelves a stress-induced,
grain surface break-up that ejects solid propellant fragments into the surrounding flame thereby
creating a two-phase reacting flow. Their model also incorporates several different modes of combus-
tion. At the onset of ignition, the VHBR propellant burns as a conventional propellant with a
fundamental burning rate which is primarily a function of pressura and initial temperature. As the
combustion progresses, pores begin to form in the burning surface allowing pressure in the pores to
be higher than that in the flame zone above the surface. The higher pressure gas within the pores
induce a stress in the surrounding propellant, while an axial strass caused by the chamber pressure
intensifies the shearing effects, At a threshold shear stress, the burning surface begins to fract-
ure and eject pieces of solid propellant into the flame creating a two-phase flow., At this point,
the grain surface no longer regresses at the fundamental burning rate but ragresses at a faster rate
based upon the speed of grain deconsolidation. As the deconsolidation continues, the surface area of
the burning propellant in the two-phase flow inecreases drastically causing rapid chamber pressuriza-
tion which furtper increases the fundamental burning rate.

3 Kooker and Anderson compare the models predicted P-t tracez with data e¢btained from Juhasz, et
al®. The model does predict the rapid pressurization, but the calculated riae was premature by
approximately +8 ms when compared t¢ an actual P-t trace obtained from a closed bomb experiment by
Juhasz. Even though it seems that Kooker and Anderson's theoretical model can predict the very high
burning rates that have been deduced from closed bomb test data, their proposed burning mechanism has
not been confirmed with direct observation,

Other theories such as in-depth (porous or volumetric) burning have attempted to explain the
apparent high burning rates of VHBR propellant. Questions coneerning the effect of boron hydride
concentration on the burning rate have been rgised. In a workshop report entitled "Boron Hydrides in
a Very High Burning Rate (VHBR) Applications™ , Juhasz discussed in detail many of the unresolved
questions dealing with VHBER propellant and its formulation, He also discussed the recent devalop-
ments in VHBR research and suggested a plan for future research to answer some of the questions.
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MCTIVATION FOR A REAL-TIME X-RAY RADIOGRAPHY SYSTEM

QOne of the most common tests performed for the study of high-pressure combustion behavior of
solid propellants is a closed bomb test. 1In a conventional closed bomb test, a samplz of propellant
is burned in a sturdy, metal enclosure with all of the combustion preducts remaining in the zhamber.
The pressure=time traces measured from the closed bomb test can be used to deduce the Zzas gZeneration
rate in the chamber. With the instantaneous burning surface area estimated through the use of a fcra
function For the propellant grain geometry, the linear burning rate can be determined as a function
of chamber pressure, Since the burning surface areas are not measured direetly, there are non-
negligible errors invelved in the burning rate data reduction process; thus, the term "apparent"
burning rate is often adopted.

Some closed bomb tests use a strong, optically transparent material (such as sapphire} for :ne
construction of the combustion chamber. In these tests, the propellant can be observed during the
test, but the view is sometimes obstructed by the flame or the buildup of combustion products inside
the chamber, If a eylindrical chamber is used, the image may also be distorted due to the refractisn
of light.

A real-time X-ray radiography system can help eliminate some of the uncertainties associated
with conventional high-pressure combustion tests by actually observing the grain's geometry as it is
consumed instead of making assumptions about its shape. A schematic of the X-ray system used in tris
study is shown in Fig. 1. The X-rays are produced in the X-ray head, pass through the test rig ani
are intercepted by the image intensifier. The image intensifier transforms the X-ray image into 1
vizible light image. The visible light image is then recorded on a high-speed video camera and iztsr
analyzed with the image processing equipment.

By burning a propellant grain in a chamber which is Fairly transparent to X-rays, many instant-
aneous, 2-dimenslonal images of the regressing propellant sample can be generzted during a test
Firing. Figure 2 shows a typlcal image as it would be viewed on the video monitor. In this Figure,
the primary components are labelled. Unlike X-ray film radiography, the real-time Y-ray radiography
system produces an image that portrays thicker and/or denser regions as heing darker arsas, During
an actual test firing, the only noticeable change in the image r=zults from the regression of Lthe
propellant; as the propellant burns, the zone occupied by propellant is replaced by relatively Low-
density gas phase causing the image to become lighter.
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Fig., 1 Layout of the Real-Time X-Ray RSN

Radiegraphy System

Fiz. 2 Typical X-Ray Image Obtained
from the X-Ray System

X-RAY SYSTEM COMPONENT DESCRIPTICN

X=-Ray Generating Equipment. A continuous stream of X-rays are produced by a Phillips MG321 con-
stant-potential Xe-ray system, which consists of a high-voltage power supply. a sontroller that
regulates the power supply, and an X-ray head which emits the X-rays., There are two X-ray heads that
can be used with this system. The first head (MCN167) can emit X-rays up to 160 k¥, and the second
head (MCN321) up to 320 kvV.




Image Intensifier, The image intensifier (Precise Optics, model PI2400 ATF) transforms the X-
ray image of the test rig into a visible light image that can be recorded with any common camera., As
the X-rays enter the image intensifier, they are partially absorbed by a cesium iodide screen [229 mm
(9"} diameter). The cesium iodide, with a decay time constant of 650 ns, emits electrons which are
then focused ontc an output screen, which in turn, creates an image in visible light.

High-Speed Video Camera. The high-speed video camera {Kodak, Spin Physics SP2000) is an elec-
tronie video camera which records its image onto a special magnetic tape. It ocan record from 60 to
12,000 pictures per second (pps) at a framing rate of 60 to 2000 frames per second ., There are five
possible framing rates; 60, 200, 500, 1000, or 2000 frames per second. Each of these speeds allow
the frame to be divided into 1, 2, 3, or & pictures. The SP2000 camera can also record the output of
two different camera heads simultaneously, but the system has its own special camera head; therefore,
an ordinary camera cannot be used.

Image Processing System. The digital image processing system (Quantex QX9210) has a 2.4 MB dual
8" floppy diskette drive and 50 MB hard disk for the storage of 150 images. Thia system is used to
enhance and analyze the X-ray images recorded by the high-speed video camera.

Thermal Printer, The thermal printer (Advanced Imaging Devices, Inc., model CT1500) produces a
high-resolution, black-and-white hard copy of any video image onto thermal paper. These pictures can
then be transferred to an ordinary piece of paper or to a transparency.

TEST RIG PESIGN

A test rig has been designed and constructed for the VHBR propellant combustion study. A sche-
matic of the current design 1s shown in Fig. 3, and a description of some of the major components is
given in this section.
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Fig. 3 Schematic of Test Rig for VHBR Propellant Combustion Tests

In a VHBR propellant combustion test, the sample [2.86 em (1 1/8") diameter by 2.54 cm to 5.08cm
{1" to 2") long) is positioned inside of a fiberglass tube [4.13 em (1 5/8") 0.D., 2.86 cm (1 1/8")
I.D., by 22.86 cm {9.0") long] and ignited from one end by an igniter assembly consisting of an Atlas
M-100 electric match and a bag of black powder. A fiberglass tube, which is designed to be disposa-
ble, acts as a bursting diaphragm for the test. During a test, the chamber pressurizes to a maximum
pressure between 100 MPa and 170 MPa { 15,000 and 25,000 psi) at which time the tube ruptures and the
chamber depressurizes rapidly,

The purpese of the end enclosures is to provide structural support for the fiberglass tube and
the pressure seals, The pressure seal consists of a brass ring, an O-ring, and a wedge-shaped, brass
back~up ring. Retalners are placed arcund the outside circumference of the fiberglass tube in the
vieinity of the pressure seals to prevent the tube from expanding during the test.

A venting nozzle is sometimes inserted at the downstream end of the chamber to release a portion
of the combustion product gases during the test, thereby, controlling the pressurization rate of the
chamber, In other tests, a =o0lid plug may be used to replace the venting nozzle for conducting con-
stant-volume combustion tests. A tubular metal spacer with two cut-away windows iz often inserted
inte the fiberglass tube between the downstream end enclosure and the propellant grain to prevent the
grain from moving during the test. The chamber pressure is measured with a Kistler piezoelectric
pressure transducer (model 607CY4) capable of measuring up to 690 MPa (100,000 psi).




PROPELLANT SAMPLE PREPARATION

Three different formulations of VHBR propellants have been tested in this study and are identi-
fled by Aerojet (the manufacturer) formulation numbers, namely, 730, 732, and 734 with ¢, 2.0, and
4.0 welght percentage boron hydride, respectively. Since these tests involve an end burning grain, a
flame inhibitor had to be found that would prevent the hot combustion gases from igniting the base
and circumferential areas of the grain. Based upon a suggestion given by K. White of BRL, cellulcse
acetate was used as the fleme inhibitor. Cellulose acetate is a polymer which is a solid. When dis-
solved in acetone, a liquid mixture i3 created that can then be applied to the propellant surface;
the cellulose acetate becomes s0lld again after the acetone evaporates.

In the sample preparation, a bere piece of cylindrical propellant with a diameter of 2.69 em
{1 1/16"), 1is coated with cellulose acetate on its circumference using a small paint brush until an
outer diameter of 2.86 cm {1 1/8") is obtained. The final diameter corresponds to the inside diame-
ter of the fiberglass tube. The basa of the grain is aleo inhibited with the same thickneas of
cellulose acetate. To avold the formatlicon of large bubbles, the flame ilnhibitor 1s not applied in a
single coat; instead, it is applied to the propellant surface In as many as 20 coats, alternating
with a 15 minute drying pericd between coats.

GRAIN THICKNESS MEASUREMENT USING X-RAY RADIOGRAPHY

Since in-depth, porous burning is a possible burning mechanism of a VHBR propellant, one of the
goals of the current study is to meesure the thickness {(or density) of the propellant grain during a
test firing using the X-ray system. Since X-ray attenuatlion is a funetion of density, thiekness, and
composition of an object, X-ray radiography cannot precisely distinguish between the density and
thickness of a grain. For this reason, it is easler to disprove in.depth, porous burning than to
verify it. If the X-ray intensity of the condensed phasa of the propellant does not change during a
test firing, then it can be said that no change in density or thickness occurs, I1f, however, the X-
ray intensity increases during a teet firing, the cause could be side burning of the grain and/or a
decrease in density. If side burning occurs at the top or the bottom regions of the X-ray image, it
can be recognized easily {see Fig., Ya), but if the side burning occurs near the center of the image,
it could not be dilstinguished from in-depth, porous burning {see Fig. 4b). If many tests show an
increase in X-ray intensity with no evidence -of side burning, i1t could be inferred with reasonable
certainty that in-depth, porous burning was the cause.

PROPELLANT GRAIN A=RAY IMAGE
| & : LOWER X~RAY
{a] SIDE BURNING & ﬁ — INTENSITY
TOP ANG BOTTOR _T__ {THICKER GRAIN)
NO PROPELLANT

X—RAY SOURCE

{b) SIDE BURNING AT
- FRONT AND BACK

X—RAY SOURCE

Fig. 4 Illustrative Schematic of Side Burning Phenomema

The general procedura for determining the thickness of e propellant grain using the real-time X-
ray radiography system is quite simple, but the details are not so straight-forward. Only the gener-
al procedure will be explained here. During a test firing, the propellant grain is surrounded by a
fiberglass tube. In order to obtain inatantanecus thickness measurements of a test sample during a
test firing, calibration images are recorded under the same conditions aa the test firing, 1. e. the
same test rig location, X-ray head location, incoming X-ray intensity, image intensifier loeation,
high-speed camera head position, camera lens aperture, and video recording speed. The only differe-
nce between the test firing images and the calibration images 1s the propellant sample; for the
calibration images, the ecylindrical propellant sample is replaced by propellant slabs of uniform
thickness that are positioned outside of the test chamber in front of the empty fiberglass tube. Ten
calibration images are recorded in this way, with the thickness of the propellant slabs ranging from
0 to 2.86 cm {0 to 1 1/8") incremented by 0.32 em (1/8"). After a test firing, the video image of
the sample during the test firing can be compered to the calibration images using the Quantex digital

image processing system.




For obtaining propellant thickness distributions, it is necessary to determine the region of the
X-ray test firing image where the thickness of the propellant grain i3 of a specified-value with cer-
tain tolerance (e.g. 1.27z 0,16 cm). The tolerance of £0.16 cm is one-half of the uniform slab
thickness increment of 0.32 ¢m which 13 vused in generating the calibration images. Using the Quan-
tex, the test image is compared to the calibration image of the specified thickness (1.27 cm). The
image processor then determines which region(a) on the test firing image has the same intensity as
the calibration image and highlights those reglons on the test image by turning them white. These
white regions {(isophote regions) correspond t¢ regions with a propellant thickness of the specified
thickness (e.g. 1.27+0.16 em). Two plctures from the Quantex showing the results of this type of
analysis are presented in the Results section of this paper.

RESULTS

In this study, the combustion behavior of three formulations of very high burning rate (VHBR)
propellants were investigated and observed by using a real-time X=ray radiography system. The pro-
pellant formulations are assigned identification numbers:; 730 for (0% boron hydride, 732 for 2% boron
hydride, and 734 for MY boron hydride (weight percentage). The results of this study are presented
according to the following three major categories:

1. burning mechanisms of VHBR propellants determined qualitatively from the X-ray images.

2. burning mechanisms studied using propellant thickness measurements obtained from the X~ray
radiography system.

3. the effect of boron hydride concentration on the combustion characteristics of VHER prepel-
lant and a discusaiocn on the reproducibility of the pressure-time traces.

BURNING MECHANISMS OF VHBR PROPELLANTS DETERMINED
QUALITATIVELY FROM THE X-RAY IMAGES

The first formulation of propellant tested was the 732 which was cast into a thin fiberglass
easing [0.079 cm (1/32") thick] whose diameter is 0.005 cm (D.002 in) smaller than the inside diame-
ter of the fiberglass combustion chamber. Since the propellant was cast, a strong bond was created
between the propellant and its casing., For some tests, the casing remained on the propellant (enca-
sed grain), and in other tests the casing was removed and the grain was inhibited with cellulose
acetate on all surfaces except the front end (inhibited grain).

Figure 5 shows the results of a test firing of the 732 formulation with the casing being left
intact (encased grain). Two hundred instantaneous, X-ray images were recorded during the test, but
the four images shown in Fig. 5 are representative of the entire test. 1In this test, a brass nozzle
with a throat diameter of 0.20 ecm (0.079 in) was used te release combustion gases from the chamber
throughout the test so that the pressurization rate of the chamber and test duration could be c¢on-
trolled. As the pictures indicate, the grain initially burns with a planar burning surface, but
transforms into a conical burning surface as the test progresses, Seven tests using the 732 formul-
ation were performed with the encased grain, and all of them showed this type of transformation from
planar to conical burning. 7Two posaible explanations for the presence of a conical burning surface
are: 1) debonding of the propellant grain from the casing allowing the flame to propagate between the
grain and casing and/or 2) heat transfer from the hot product gases through the casing, causing the
circumference of the grain to become warmer (preheated) than the center resulting in a higher burning
rate at the circumference. In these tests, even though the grain regresses conically, no evidence of
any "unconventional" burning mechanisms was observed. Layer-by-layer burning is the predominate
burning mechanism with no grain deconaolidaticn; a more quantitative method for substantiating these
statements is discussed in the next section.

The pressure-time trace in Fig. 5 can be divided into three distinet regions. From ¢ to 12 ms,
the chamber was prepressurized by a bag of FFFg black powder (3.0 gm). From 12 to 82 ms, the pres-
surization is caused mainly by the burning by the burning of the VHBR propellant, and at 82 ms the
fiberglass tube ruptured instantaneously causing the rapid depreasurization of the chamber. The cham-
ber pressure correésponding teo each of the four X-ray images 1s marked on the P-t trace as 4, B, C,
and D.

The conical burning surface that is prevalent in the encased grain is much more difficult to
analyze using X-ray radiography than a planar burning surface profile. It is preferable to have a
planar burning surface profile illustrated by the following reasons:

1. With conieal burning, the burning surface area is changing during the test, thus preventing
an accurate determination of the burning surface area; with a planar burning surface, an
assumption of constant burning surface area is reasonable,
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Figure 5 A Typical Set of Test Results for an Encased Propellant Grain




2. With a conical burning contour, it would be very difficult to distinguish from the X-ray
image between a change in propellant density and a change in grain thickness. A planar burn-
ing surface would allow the separation of the thickness and density effects.

3. It is more difficult to obtain a linear burning rate from the X-ray image if the burning
surface is conical,

4. There is a higher probability of reproducibility of test events if the burning surface
remains planar.

Because of these complications associated with conical burning, considerable time and effort
were devoted to the development of a procedure for the application of an effective flame inhibitor to
the VHBR propellant grain surface for achieving a planar burning surface condition, The application
of cellulose acetate as described in the Method of Approach section was found to be effective. The
first test with the cellulose acetate was very promising, 60% of the grain regressed with a planar
contour before the cellulose acetate was penetrated by the hot combustion gases. Eighteen tests were
performed with the cellulose acetate flame inhibitor, each with a varying degree of success. How-
ever, for the lasts six tests invelving all three propellant formulations, the propellant grain
exhibited planar burhing throughout the entire test. The results of oneé of these six tests are shown

in Fig. 6.

In this test, formulation 734 was tested in a vented chamber with a brass nozzle whieh had a
throat diameter of 0.1% cm (0.076 in)., Comparing the Xe-ray images shown in Fig. 6 (inhibited grain)
with those of Fig. 5 (encased grain), it can be seen that while a coniecal burning surface is predomi-
nant in the encased grain test, a planar burning surface is predominant in the inhibited grain test.
Although the burning surface in Fig. 6 is not perfectly planar, the burning surface area is approxi-
mately constant throughout the test. The maximum pressure for this test was only 80 MPa (11,600 psi})
because the brass nozzle was eroded from a diameter of 0.19 ecm (0.076 in) to 0.27 em (0.106 in); this
erosion doubled the throat area and thereby slowed the pressurization of the chamber, Since the
pressure was relatively low, the fiberglass tube did not rupture, and the chamber "slowly" depressur-
ized as the combustion products flowed through the exit nozzle. The lead spot shown in images A
through D was placed on the input screen of the image intenaifier; this facilitates the installation
and alignment of the test rig and X-ray radiography system in a highly reproducible manner,

In this test, the cellulose acetate worked quite well, but in some of the previous tests perfor-
med with the cellulose acetate, the flame penetrated the inhibitor causing the sides of the grain to
burn. The diffusion of one or more propellant ingredients into the cellulose acetate could explain
this variability; the longer the time between the application of the flame inhibitor and the test
firing, the more flammable the inhibitor becomes. Based upon this observation, it appears that the
tests should be performed within 36 hrs of the application of the cellulose acetate. The six most
recent tests were performed within 36 hrs of the application of the inhibitor, and none of them
showed any signs of the flame penetration into the inhibited layer of the propellant grain.

BURNING MECHAMISMS STUDIED USING PROPELLANT
THICKNESS MEASUREMENTS CUBTAINED FROM THE REAL-TIME
X-RAY RADIOGRAPHY SYSTEM

The procedure that 1s used to determine the thickness of the propellant grain was explained in
the Method of Approach section. The objective of the thickness measurements is to determine which
region(s) on an' X-ray image of a propellant grain correspond to a specified thickness of propellant,
To illustrate a typical result, the third X-ray image from Fig. 6 was analyzed, and the results are
shown in Fig. 7. The four separated white regions in 7(b) indicate propellant thicknesses of 0,95,
1.5¢, 2.22, and 2.86 cm (3/8", 5/8", 7/8", and 9/8"). 1In an ascending order of thickness, the outer-
most ring represents the propellant thickness of 0.95 em (3/8"), and the innermost region corresponds
to a thickness of 2.86 cm (9/8"). To avoid over crowding the isophote lines, Fig. 7(c) shows three
separate constant-thickness regions which are intermediate to those shown in Fig. T(b). The ring
structure of the constant-thickness regions implies no grain deconsclidation.

Under ideal conditions, the constant-thickness regions of a perfect cylindrical propellant grain
should be a set of horizontal bands on the side view of the X-ray image. Due to the relatively short
distance [approximately 100 em (39 in)l from the X-ray source (focal point) of the X-ray tube head to
the propellant sample and the finite size of the focal point [4 om by 4 mm (0.16 in by 0.16 in}],
there exists a geometric unsharpness effect’ which blurs an X-ray image. Therefore, the horizontal
bands of the same thickness are connected to¢ form ring structures.

Other possible reasons for the connection of the horizontal bands are non-planar burning of the
propellant grain and/or porous burning near the regressing surface. The vertical white isophote
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Figure 6 A Typical Set of Test Results for an Inhibited Propellant Grain



lines on the left end of the X-ray image (Fig., 7(b)) near the interface of the end enclosure and the
propellant grain are caused mainly by any misalignment of the calibration images with the test image
and intentional blurring of the image using the image analyzer.

Since the initial diameter of the grain was 2.86 cm (9/8"), the existence of the white isophote
region in the center of Fig. 7(b) reveals that no circumferential or porous burning has occured in
that region any time before the instant the picture was recorded (130 ms after initial pressurization
of the chamber). In general, a thicker white ring indicates that the gradient of thickneas with re=-
spect to a particular direction is small, while a thinner white ring indicates a steeper gradient of
thickness. Since portions of the burning surface have both large and small thickness gradients, it
can be inferred that some regions on the burning surface developed indentations.

Even though porous burning may be reaponsible for some of the variations of spacing and band
width, it cen be estimated from these measurements that it does not penetrate below 3 mm (1/8"} into
the 'burning surface. Similar images were produced for the other formulations, and significant in-
depth burning was not observed, These propellants burned in a layer-by-layer fashion.

{a) original image at time (b) 0.95, 1.59, 2.22, & 2.86 cm (o) 0.64, 1.90, & 2.54 em
130 ms after the onset of {3/8, 5/8, 7/8, & 9/8 in) (1/2, 3/4, & 1 in)
chamber pressurization constant-thickness regions constant-thickness regions

Fig. T Determination of Constant-Thickness Reglons of a Burning VHBR
Propellant Grain Using a Digital Image Processor

THE EFFECT i

COMBUSTICH Cuadiiioii.mo oo of Vre PO Fic_dhis a2
A DISCUSSION ON THE REPRODUCIBILITY OF THE

PRESSURE-TIME TRACES

The burning rate and pressure data deduced from a typical test using VHBR propellant formulation
734 are given in Table I, The burning rate data were obtained by selecting 8 images from the teat
firing (video time corresponding to each image is given in column 1), measuring the length of the
unburned grain uaing the image processor (columns 2 and 3), and then dividing the change in length by
the change in time for 2 adjacent data points to obtain the burning rate (columns 4 and 5). The
pressure (columns 7 and B) is the average pressure between data points. More than one set of burning
rate data can be obtained for each test firing simply by choosing a different set of images to be
analyzed, Burning rate data were deduced for 11 test firings in this manner, and plots of the burn-
ing rates versus pressure (log-log plot) are shown in Figs. 8 and 9 for all three formulations
tested. While the burning rates for the 732 (2% boron hydride) and the 73% (4% boron hydride} are
comparable, the burning rates of the 730 (0% boron hydride} are considerably lower, This Lmplies
that the increase of boron hydride from 0 to 2% has a pronounced influence on the burning rate, but
the increase from 2 to 4% does not significantly influence the magnitude of the burning rate, How-
ever, the addition of boron hydride from 2 to 4% does affect the burning rate exponent. Both the 730
and the 732 formulations reveal a noticeable change in burning rate exponent at 32 and 50 MPa
(4600 psi and 7200 psi) respectively, but the 734 formulation has a less obvious change in burning
rate exponent, i '

Table I Burning Rates Deduced from X-ray Images and Measured Chamber Pressure
During a Typical Test Firing of 734 VHBR Propellant

TIME O LENGTH OF BURNING CHAMBER

VIDEOQ IMAGE GRAIN RATES _ PRESSURE
(sec) (em) (in) (em/a) (in/s) {psi) (MPa)
2.0565 2.55 1.00 0,0 0.0 1044 7.2
2.1000 2.29 0.90 6.0 2.4 3153 21.7
2.,1205 2.03 0.80 12.7 5.0 4884 33.7
2.1390 1.70 0.67 17.8 7.0 6196 42.7
2.1515 1.46 0.58 19,2 7.6 7306 50.4
2,1645 1.19 0.47 20.8 8.2 8567 59.1
2,1790 0.86 0.34 22.8 9.0 10368 T1.5
2.1885 0.60 0.24 27. 4 10.8 11075 76.4
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Since the burning rete of the 730 formulation {with no boron hydride) is lower than the other
two formulations (with boron hydride), the rate of preseurization of the combustion chamber is also
lower. In the tests involving the T30 formulation conducted with a vented chamber, the chamber
depreasurized after belng pressurized to 13.8 MPa (2000 psi) by the combustion of e bag of black
powder {igniter pressure). 1In similar tests with the 732 end the 734, the chamber pressure always
increased after the attainment of the igniter pressure. The X-ray image indiceted that the 730 had
ignited, but 1t did not burn fast enough to compensate for the gases that were leaving the chamber
through the exit nozzle. The igniter pressure for all of the tests has been approximately 15 MPa
(2200 psi), and if the burning rates for each formulation at this pressure are compared (1.8 cm/s,
7.4 em/s, and 5.5 cm/s for 730, 732, and 734 formulations, respectively) it is possible that the
burning rate of the 730 formulation is not high enough to compensate for the combustion gases that
are exiting through the venting nozzle. A simple conservation of mass calculation was performed for
the vented chamber (assuming ideal gas) revealing that a burning rate of 2.5 em/s (1.0 inss) or
greater was necessary to pressurize the chamber,

In the tests performed with the 730 formulation under constant-volume conditions (the brass
nozzle was replaced by e eolid plug), 2 sample of propellant residue was recovered. The recovered
sample was highly porous (greater than 80§ void fractlon); the texture and color resembled steel
wool., After analyzing the X-ray images from the test firings with the image analyzer, it was deter-
mined that the propellant grain had continued to burn after the fiberglass tube ruptured. This
recovered propellant residue was very similar to the porous residue from the burning of the 730 for-
mulation in ambient air, The 732 formulation was also burned in ambient air, however, no residue was
recovered due to the vigorous burning phenomena,

r

An important characteristic of a gun propellant is its ability to reproduce the pressure-time
history under identical teat conditions. In order to test the reproducibility of the VHER propel-
lant, two pairs of constant-volume tests were performed: one pair with the T30 formulation (Fig. 10)
and one pair with the 732 formulation (Fig. 11}. The cellulose acetate flame inhibitor was used in
all four of these tests, While there is some variation in the P-t traces for the T30 formulation,
virtually no variation occured in the 732 formulation., If the bottom curve ln Fig, 10 1s shifted to
the left by 9 ms, very good agreement between the P=t traces la achieved (Fig. 12); a longer ignition
delay time in the bottom curve of Fig. 10 could account for this effect. This may appear artificial,
but the resulting plot (Fig. 12) shows that dP/dt (an indication of gas generation, and burning rate}
is almoat the same in both teats for the entire preseure range. Another point worth mentioning is
the fact that the rupture pressure of the fiberglass tube is highly dependent upon the length of the
test; the fiberglass tubes ruptured at approximately 110 MPa {16,000 psi) for the longer tests
(Fig. 10) and approximately 150 MPa (21,700 psi) for the shorter tests (Fig. 11).
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CONCLUSIONS

1. The feasibility of using a real-time X-ray radiography system for observing the combustion
phenomena of VHBR propellants has been demonstrated,

2. Three types of VHBR propellant with 0, 2, and 4% (weight percentage) boron hydride burning
rate catalyst were tested: the results indicate that an increase of boren hydride -concentr-
ation from 0 to 2% has a’significant effeot on the burning rate. However, a further increase
in boron hydride from 2 to 4% does not change the magnitude of the burning rate by any signi-
ficant amount. Slope breaks in log-log plets of burning rate versus pressure were noted for
these propellants, i

3. The X-ray images showed layer-by-layer burning mechanisms for all three propellant formula-
tiona. In this study, grain deconsolidation was not observed under the conditions tested.

4. The instantaneous grain geometry and thickness profiles of VHER propellant samples were
analyzed using iscphete analysis of a digital image processor. Results indicate no volume-
trie burning was present in any of the tests conducted., Additional studies are required to
determine whether the surface reaction layer exhibits porous burning or indentations,

5. The measured pressure-time traces and recorded X-ray images for identical, initial test c¢on-
ditions show a high degree of reproducibility. This implies the high potential of utilizing
this family of VHBR propellants for gun interior ballistie purposes.
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SOME HIGH-PRESSURE COMDUSTION CHARACTERISTICS OF YHOR PROPELLANTS*

R. M. Salizzoni, W. H. Hsieh, A. Peretz; K. K. Kuo
Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16002 |,

ABSTRACT

Yery high burning rate (VHBR) propellants have high potential- for achieving high mass generation
rates and thrusts in extremely short time periods. Their burning characteristics have been studied
under both quasi-steady and dynamic pressurization conditions using a strand burner, a real-time X-ray
radiography system with a constant-volume bomb, and an interrupted burning test setup. Burning rates of
YHBR propellants were found to depend strongly upon the boron hydride concentration, chamber
pressurization rate, and operating conditions. Durning rate slope-breaks of certain types of YHBR
propellants were observed, Several recovered propellant samples showed very complex burning surface
reaction zone structures. Some with a significant amount of dimples and craters below the surface
level; others with both dimples and mushroom-shaped protrusions above the surface. The convection
burning mechanism must be studied to de§cribe these peculiar combustion phenomena.

INTRDDUCTIDN
kY .

Previous workl of this study concentrated on using a real-time X-ray radiography system to observe
the combustion processes of three very similar formulations of VHDR propellants., These three
formulations contained D, 2, and 4% of the boron hydride, DjgHyp, burning rate catalyst. Using the
real-time X-ray system, instantaneous burning rates of the YHDR propelilants were measured from a series
of X-ray video images of the grain with chamber pressure reaching 172 MPa (25,000 psi) in 80 ms.

To familiarize the reader with the major findings of the prev1ous work, some key results are
summar ized below.

1.  An increase of boron hydride concentration from D to 2% has ajs1gnif1cant effect on the burning
rate. tlowever, a further increase in boron hydride from 2 to‘4% does not change the magnitude of
the burning rate by any significant amount. Slope breaks in log log plots of burning rate versus
pressure were noted for these VHBR propellants. )

2. From the X-ray images, grain deconsolidation was not observed under the conditions tested.

3. The measured pressure-time traces and recorded X-ray images for identical, initial test
conditions show a high degree of reproducibility, This implies the high potential of
utilizing this family of YHOR propellants for gun interior ballistic purposes.

As part of an ongoing effort to determine burning behaviors of YHOR solid propellants, this paper
focuses on three primary objectives: 1) to measure the linear burning rates of VHDR propellants in an
optical strand burner with quasi-steady pressures up to 38.4 MPa (540D psi); 2) to study the burning
surface geometry by interrupting the combustion process and recovering propellant samples through rapid
depressurization; and 3) +to observe the regression of propellant grains using a real-time X-ray
radiography system as grains burn in a 50 cc constant volume chamber,

% METHDD OF APPROACH

DPTICAL STRAND DURNER

A windowed strand burner with pressure control and nitrogen purge systems was used to obtain
quasi-steady burning rates of VHBR propellants. Durning rate data were obtained in the following
manner: 1) the propellant was placed vertically into the strand burner; 2} a 41 MPa {6000 psi)
nitrogen bottle was used to pressurize the chamber and supplied purge gas to remove the combustion
product gases; 3) an exhaust valve wastadjusted until the chamber was pressurized to a desired
steady-state pressure level; 4} a nichrome wire ignition system was employed to ignite the propellant
sample; 5) recorded video 1mages of a burning propellant are super1mposed with a ruler; and 6} by
determining the instantaneous length ofnthe propellant strand as a ‘function of time, the burning rate of
the propellant was deduced, ¥ o
i {.
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Buring a strand burner test, a Kistler piezoelectric pressure transducer was used to measure the
p-t data, and the signal was digitized and recorded on a Nicolet 4094 digital oscilloscope, Because of
the fast burning nature of the YHBR propellants, maintaining a constant pressure in the optical strand
burner was impossible without changing the strand burner design.-. Thus, it was decided to let the
chamber pressurize slightly during the test. 1In this study, the typical rise in pressure ranged from
1.4 to 2.8 MPa (200 to 400 psi)., Therefore, the strand burner results reported here can only be
regarded as quasi-steady burning rates, o

X-RAY RAOITQGRAPHY SYSTEM - i b

The purpose of the real-time X-ray radiography system is to generate many instantaneous, 2-0 images
of a propellant grain as.the grain burns 4in a high-pressure chamber., A schematic diagram of the X-ray
system is shown in Fig. 1, The X-rays are produced in the X-ray head, pass through the test rig and are
intercepted by the image intensifier., The image intensifier transforms the X-ray image into a
visible-Tight image with a time constant less than 1 microsecond, This visible 1ight image is then
recorded with a high-speed video camera, and later analyzed with an image processing system. A detailed
description of the X-ray system is given in Refs. 2 and 3,

i

TEST RIGS FOR X-RAY ANB THTERRUPTED BURHING STUOIES

The test rig used in the X-ray system is shown in Fig. 2. The heart of the test rig is the
composite tube which is made from either fiberglass or carbon-fiber, These tubes are not only capable
of transmitting X-rays effectively, but can withstand pressures vwp to 172 MPa (25,000 psi). The
pressure seals are located on the inside of the tube; for this reason, the inner diameter of the tube
has a fixed value of 28.6 mm (1.125 in), However, the length and thickness of the composite tube are
not restricted to one value. For instance,_by varying the length from 22,9 to 11.4 ¢m (9" to 4.5°), the
free volume ranges from 95 to 20 cc (5.8 ind to 1.2 in3 ). 1n addition, a solid plug was used to block
the exhaust port, facilitating a constant-volume test with 50 c¢c free volume An electric match and 1.0
gm of Bullseye powder were used to prepressurize the chamber to 20 MPa (3000 psi) and ignite the
propellant grain from its exposed end.. ;

For the interrupted burning tests, the composite tube was rep]aced by a stainless steel tube [11.43
cm_ (4.5 in) long, with 1.74 cm (0.687 in) thickness]., The free volume for these tests was 23 cc (1.4
ind), To recover samples at three different pressures, the exhaust port [1.27 cm (0.50 in) diameter]
was blocked by an aluminum bursting diaphragm with three different thicknesses, These burning
diaphragms allowed the chamber to depressurize at nominal pressures of 13.8, 27.6, and 37.9 MPa (2000,
4000, and 5500 psi). An electric match and black powder (0.3 to I 0 gm) were employed to prepressurize
the chamber and to ignite the propellant grain,

ko

PROPELLANT GRA1N PREPARATION

For the strand burner tests, the'propellant samples were cuE from a 400 gm block of propellant,
The nominal length and diameter of the samples were 5 cm (2 in) and 0.6 cm (1/4 in), respectively, A
nfchrome wire was inserted through the diameter of the sample approximately 2 mm (0.08 in) from the top.

For the %-ray tests, a cylindrical propellant sample with a' nominal diameter of 1.2 em (0.5 in) and
length of 2,54 cm (1.0 in} was coated with ceilulose acetate on the circumferential area and base of the
grain. After drying, this inhibited grain was then glued into a plexiglass holder with epoxy. The only
exposed propellant surface was the end surface. To minimize X-ray attentuation, the plexiglass
surrounding the sample was only 2.5 mm (0.1 in) thick. 1t is useful to note that the YHBR samples used
in this series of X-ray tests are different from those reported jn Ref. 1, This set of of propellants
was obtained from Veritay Technologyrlincorporated, and they are designated as TC-47A, TC-49A and TC-51.
The formulations are given by Barnes et al.4 The Tg-47A propellant has no boron hydride and can be
regarded the baseline propellant. The TC-49A propellant has a 6% boron hydride replacement of RDX. The
TC-51 propellant has a 3% boron hydride replacement of binder in the baseline propellant.

For the interrupted burning tests, the sample was coated with cellulose acetate and glued into a
plexiglass holder in the same manner as those for X-ray tests, Illowever, the samples had a different
size with a diameter of 1,35 cm {0.53 in) and a length of 1.12 cm {0 .44 in), The diameter was chosen to
allow the same pressurization rate as the previous transient tests' using the X-ray system. This
ensured that the burning surface conditions were similar for both the previous X-ray tests and the
extinguishment tests. The propellant samples used for the interrupted burning tests were also the same
as the zero percent boron hydride propellant (730) tested in Ref. 1,

.
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STRANO BURKER RESULTS

Strand burning rate data for the 0% formulation (Aerojet 730) are plotted as a function of pressure
in Fig, 3 along with the observed burning rate data deduced from transient tests utilizing the real-time
X-ray radiography system. £ach point on the strand burning rate plot is an average of several burning
rates at a given pressure, while the X-ray points are individual burning rates. It was found that both
sets of data follow the exponential burning rate law, rp = apm, Burning rates obtained from the strand
burner are censistently higher than those from the X-ray radiography, and while there are several
dif ferences between the two testing techniques which may contribute to this change in burning behavior,
it is believed that the predominant difference is the rate of pressurization of the combustion chamber,
The pressurization rate for transient burning in X-ray tests ranges from 100 to 1,100 MPa/s
corresponding to chamber pressures of 14 and 56 MPa, respectively, as opposed to a low rate of 2 MPa/s
for strand burner operating conditions.  Slope breaks in the burning rate data are noticed for both
testing techniques, and the burning rate exponents are quite similar in magnitude, An interesting
ohservation is the fact that the slope breaks occur at the same burning rate, 3.2 cm/sec, while the
corresponding pressures differ by a factor of 1.5. ¥

Under certain pressure ranges, the strand burning rates of n1tram1ne propellants gou]d be higher
than the dynamic burning rates of the same propellant as reported by Cohen and Strand.® The buraing
surface structure of the propellant could also play an important role in the burning rate. Considering
the evidence of the cratering structure of the propellant buraing surface zone, to be discussed later,
the surface zone corresponding to ‘a given pressure has a specific thickness, surface area, and void
fraction, For a highly transient pressurization, it takes time for the burning surface zone to adjust
itself to a new structure. The cratering behavior is more pronounced at higher pressures for the YHBR
propellants tested, Therefore, the burning surface zone structure variation could lag significantly
behind the pressure changes, resulting in lower transient burping rates than steady-state condition.
The theory of convective burning of a YHBR propellant deserves further study, since the cratering
behavior is strongly coupled to the gas penetration and pyrolysis’ phenomena in the porous structure
zone, This porous structure cou]d also have a significant difference in surface temperature over the
exposed surfaces, “

Figure 4 contains three pictures cf the 0% boron hydride formulation as it is burned at 3.4, 10.2,
and 20,4 MPa with the length scale (in centimeters) shown in Fig. 4c, applicable to all three pictures.
In all tests conducted, the luminous flame zone originated very close to the burning surface as the
pictures indicate, but the height of the flame changes with pressure. At low pressure (3.4 HPa) the
flame is long and faint, and as the pressure is increased the flame becomes shorter and more intense,
Figure 4c 1s somewhat mis]eading because the actual video image indicates that there is not much of an
extended luminous zone (less than 'l mm); most of the luminosity originates very near the burning surface
vhich is slanted toward the camera, As the pressure is increased beyond the slope break point at p =
20.4 MPa, the luminous flame zone becomes taller and more 1ntense which infers a change in the burning
mechanism at the break point, ) :

Some burning rate data have been obtained for the 4% boron hydride formulation (Aerojet 734), but
most strands made from this propellant did not burn in a cigarette fashion; instead they burned very
erratically with no particular burning surface geometry, Average burning rates were deduced and are in
the order of 10 ¢m/sec at 10 MPa and 30 cm/sec at 40 MPa, In contrast, the burning rates for 0% boron
hydride formulation at the same pressures are 1,5 and 10 cm/sec, respectively. This comparison shows
the strong effect of the small percentage of boron hydride on the burning rate, It is interesting to
note that at the end of all the tests with the 4% catalyst formulation, some highly porous residue was
recovered, but no such residue was recovered for the 0% formylation, The chemical composition of this
residue is under investigation, # : i

"

INTERRUPTEO BURNING TESTS 1. i 2
: ta ' e

The purpose of these tests was to interrupt the combustion process at specified pressures so that
the propellant sample can be recovered to observe the quenched burning surface zone. The burning rate
data obtained from this study indicated’that a slope break occurred in the exponential burning rate law
(see Fig. 3, X-ray radiography data), Also, the strand burning rate data produced a slope break at the
same burning rate. Since the strand burner pictures showed a change in flame characteristics at this
burning-rate slope break point, one may suspect that the structure of burning surface zone may also
change, The slope break in the transient tests occurred at 31.6 MPa (4580 psi) for Aerojet 730
formulation., For this reason, samples were extinguished at pressures above and below this break point,

Five samples of Aerojet 730 propel1ant were extinguished after rapid depressurization of the
combustion chamber. One grain was recovered at 13.8 MPa (2000 psi), one at 27.6 MPa {4000 psi), two at
37.9 MPa (5500 psi), and one at 124 Mpa- (10,000 psi). A series of photographs were taken of the
recovered samples with a telephoto lens and also with a microscope, Figures 6a, 5b, and 5¢ show
respectively the samples recovered at 13,8 MPa (2000 psi), 37,9 MPa (5500 psi), and 124 MPa (18,000 psi).
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The sample shown in Fig. 5c has a larger diameter than the rest; it has a diameter of 2,69 cm {1.06 in)
and 2 length of 2.54 cm {1.00 in). It was burned in a 90 cc constant-volume chamber. The other
recovered samples have a diameter of 1.35 cm (0.53 in) and a length of 1.12 cm (0.44 in); they were
burped in a 23 cc constant-volume chamber, Figure 5¢ prominently shows a dlmp]ed burning surface.
Although Figs. 52 and 5b do not appear to have this type of dimpled surface, in reality they do, but
the dimples are not as pronounced. Figure 5c also shows 2 very large and deep crater with a depth of
1.26 cm. An X-ray image was recorded for this test firing, and it revealed that this crater was formed
1 ms before the chamber depressurized. Figures 5a and 5b also show the existence of certain craters,
but the craters are not as:large, " i

The four smaller samples were cut through the diameter to reveal any subsurface burning phenomena.
Figures 6a and 6b show the trimmed cross-sectional views of the recovered samples at 27.6 MPa (4000 psi)
and 37,9 MPa (5500 psi), respectively. - As indicated on these photographs, small craters were formed on
the burning surface. These figures also reveal that the combustion seems to be progressing without much
subsurface reaction. One could argue that the grain continued to-burn slightly after depressurization;
however, when this Aerojet 730 formulation burns at ambient pressure, a carbonaceous material is
generated. These photographs show no evidence of such material. -

X-RAY RADIOGRAPHY TESTS : 4

AEa Nt
T

As previously mentioned, Veritay Technology, Inc., supplied three formulations of Hycar-based VHBR
propellants for the real-time X-ray tests. These three formulations are identified as TC-47A, TC-49A,
and TC-51. The objective of this experiment was to observe the burning surface contour of the
propellant grain as it burns in a2 50 c¢c constant-volume test rig,” The loading density for each test was
approximately 0.1 gm/fcc. Four X-ray tests were performed with the Veritay propellants. A summary of
the p-t traces is shown in Fig. 7. Comparison of the p-t traces of Test 1 and Test 2 reveals that
TC-49A burns considerably faster than JC-47A. A comparison of the p-t traces from Test 4 and Test 1
shows that the pressurization rate in Test 4 is significantly higher than that in Test 1. As a matter
of fact, at 70 MPa (10,150 psi), the pressurization rate in Test 4 is 10 times higher than that in
Test 1, This high pressurization rate is caused partially by the breakup of the propellant gain during
Test 4. 1In this test, the real-time X-ray images of the TC-51 propellant sample showed that at 48 MPa
(7,000 psi), the propellant grain began to break up into 3 large pieces., Two of these pieces moved
downstream and burned very quickly. Neither the video image of Test 1 {with TC-47A) nor Test 2 {with
TC-49A) indicated any evidence of grain breakup. =

For Test 3 {with TC-51), the chamber was pressurized to 20.7 MPa (3,000 psi) and the propellant
ignited; however, the chamber was unintentionally depressurized, 'Even though this depressurization was
not rapid, the propellant extinguished. This recovered sample has an interesting burning surface
structure, Figure 8 is a photograph of the recovered propellant sample in its plexiglass holder., The
black spots are carbonaceous material protruding 0.5 to 2 mm (0,02 to 0,08 in) above the surface,
Figures 9, 10, and 11 are magnified images of these protrusions, .Figure 11 shows how the color changes
from white at the base to black at the top, Many carbonaceous residues are in a mushroom form, The
tall ones are black at the top and the short ones are brown at the top. The reason for darker colored
tops is due to protrusion of the residue into the flame zone. Figure 12 reveals a pore at the center of
the propellant burning surface, This particular pore has an approximate diameter of 0.12 mmn and a depth
of 0,20 mm. Many such pores exist on the surface, and they could be generated by: 1) initial porosity
of the propellant; 2) self-generating porosity, due to convective burning; or 3) the ejection of RDX
particles (0.15 mm diameter) from the surface of the propellant, :The precise reason for porosity
generation should be studied further.'.Figure 13 shows a cross-sectional view of the trimmed sample,

The surface appears to be rough, even very near the unburned propellant, From all photographs discussed
above, one can conclude that the burning surface zone of a VHER propellant is non-planar and highly
complex with pores into the samplie and/or residues protruding above the surface,

i --_'

“E O concLusions kg

1. The strand burning rates of AernJet YHBR propellants were cons1stent1y higher than the burning
rates deduced from the X-ray radiography system for the 0% bgron hydride formulation, However, a
slope break in burning rate occurs at a burning rate of 3.2 tm/s (1,3 in/s) for both techniques of
measurement, The burning rate exponents above and below the.break point are quite similar for
these two techniques, It is believed that the difference in‘pressurization rate and finite
relaxation time of the burning surface reaction zone are the prlmary causes of this discrepancy.

2, The luminous flame of the Aerojet 0% boron hydride formu]at1on revealed a change in structure at
the slope break point. As the chamber pressure is increased up to the slope-break pressure, the
flame become shorter, and at the slope-break, very little luminous flane 1s noticeable; most of the
luminosity originates from very near the surface. At pressures above the slope-break point the
flame becomes taller and more intense, i
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Obtaining strand burning rate data for the Aerojet 4% boron hydride formulation was very difficult
for three reasons: 1) the samples did not burn in a cigarette fashion; 2) a common video camera
{30 fps) is too slow to chserve the propellant burning at 30 ;em/s; and 3} the flame js very bright,
and the burning surface could not be seen easily.

Interrupted burning tests of the Aerojet 0% boron hydride formu]ation revealed that even though
dimples were generated in the burning surface, very insignificant amounts of subsurface reaction
occurred, This can be verified by the fact that the color of the subsurface zone is the same as
the virgin material, - ;

Formulation TC-51 of the Yeritay propellant broke into three major pieces at approximately 48 MPa
(7,000 psi). This resulted in a rapid pressurization of the-chamber, Veritay's closed-bomb p-t
data indicated a similar pressurization rate. Formulations TC-47A and TC-49A showed no signs of
grain breakup. ‘

Dne sample of the TC-51 formulation was recovered at a pressure less than 6.9 HPa (1,000 psi). The
burning surface had many mushroom-shaped carbonaceous protrusions above the surface, The burning
surface in general was very rough. For samples having a complex burning surface zone with a
significant amount of porosity, the convective burning mechanism must be studied to understand
their combustion behavior.
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Fig. 12 Microscope Picture of Pore in the
Recovered Sample of Veritay TC-51.

Fig., 13 Microscope Picture of Cross-
Sectional Cut of Veritay TC-51
Recovered Sample.
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REGRESSICH BEHAVIOR ANO TEHPERATURE SEMSITIVITY YEASUREMEHYS OF
VERY HIGH BURNIMG RATE PROPELLANYS

R. H. Salizzeni, W. H. Ksieh, K. K. Kuo
Gepartment af Hechanical Engineering
The Pennsylvania State University
University Park, PA 16803

ABSTRACT

The combustion behaviors of three formulations of wvery high burning rate (VHBR) propellants are
being studied. These formulations contain 0, 2, and 4% boron hydride, B o100 the burning rate
catalyst. Two diagnostic tools were used in this study: a real-time ﬂ -ray radiography (RTR}
system wWith & high-pressure double-windowed (HPDW) test rig and a pressure and temperature
controlled optical strand burner (0S8). The RTR system is used to obtain instantansous X-ray -
images of the solid propellant grain as it burns during a trensient test at pressure up to 340
MPa (50,000 psi). The optical strand burner maintains s steady pressure up to 41.4 MPa (6,000
psi) and allows the initial temperature of the strand to be set from 40 to +70 C (40 F to.
+158 F).

For a typical RTR test using the HPOW test rig, the instantaneous, internal ‘burning surface of a
center-perforated grain was observed, The results show that the grain remained as a consolidated
piece even at a high regression rate of 200 cm/s. From these images, {nstantaneous burning rates
were deduced for all three formulations, These burning rates Were compared With earlier results
obtained by the authors from end-burning grains under similor transient conditions., These two
sets of burning rates are in reaaonable agreement.

The 0SB was used to study the temperature sensitivity (g) of VHBR propellants. Oetermining
propeliants' temperature sensitivities as functions of preé’ure and temperature is important in
the study of transient burning phenomena. It was found that ¢ increases. as initial temperature
(T;) decreases. As a result of a slope bresk in the burning rage cr' exhibits discontinuities as
funct1ons of pressure and T;

From a recovered sample which waa extinguished at 331 HPa (48,000 psi), the burning surface was
found to be non-smooth and covered with a melt layer containing many small indentations.

INTRODUCTION

The combustion behavior of three formulationa of very high burning rate (VHBR) propellants was
investigated. These formulations contain 0, 2, and 4% boron hydride, BipHyig, the burning rate
catalyst. This paper focuses on two primary objectives.

The first objective was to measure the burning ratea of all three formulations using a real-time
X«ray radiography (RTR} system. In these tests, a center-perforated grain of propellant was
burned in a transient test with pressure levela reaching 330 HPa (48,000 psi). From the X-ray
images obtained from these tests the inner radius of the grain was measured, anq £he burning rate
was deduced. Burning rates for these propellants were reported previously'! however, the
maximum pressure was only 170 HPa (25,000 psi), and the grain was burning frem the’end instead of
a center perforation. A comparison of these burning rates ia given in the Results section.

The second objective was to determine the temperature sensitivity of the VHBR propellant, This
was accomplished by using a temperature and pressure contralled optical strand burner (GSB).
The temperature of the strand burner can be set from -40 C to +70 C (-40 F to +158 F), and the
pressure can be maintained at levels up to 41 HPa (4000 psi). The 0X boron hydride formulation
was tested at -10, 20, and 70 C and to the maximum pressure,
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To familiarize the reader with some of the major findings of the previous work, some Key results
from Refs., 1, 2, and 3 are summarized below.

1. An increase of boron hydride concentration from 0 to 2% has a significant effect on the
burning rate. However, a further increase in boron hydrida from 2 to 4¥ does not change the
magnitude by any significant amount. Slope breaks in log-log plots of burning rate versus
pressure wWere noted for these VHBR propellants.

2. From the X-ray images, grain deconsolidation was not observed under transient test conditions
up to 172 HPa (25,000 psi).

3. The measured pressure-time traces and recorded X-ray images for identical test conditions show
a high degree of reproducibility. This implies a high potential of utilizing thls family of
VHBR propellants for gun interior ballistic purposes.

4. The strand burning rates of the 0X boron hydride formulation were consistently higher that the
burning rates obtained from the RTR system.

5. Interrupted burning tests of the 0X formulation revealed that dimples were generated in the
burning surface; however, microacope images of the recovered samples indicated that very
insignificant amounts of subsurface reaction occurred. This can be verified by the fact that
the color of the subsurface zone in the same as the virgin material.

HETHOO OF APPROACH

Real-Time X-Ray Radiography Study Using_a
High-Pressure Double-Windowed Test Rig

The purpose of the real-time X-ray radiography system is to generate many instantaneous images of

the propellant grain as it burns in a high-pressure chamber. A schematic diagram of the X-ray
system is shown in Fig. 1. The X-rays are produced in the X-ray head, pass through the test rig
and are intercepted by the image intensifier. The image intensifier then transforms the X-ray
image into a visible-light image with a time constant of less than 1 microsecond. This visible-
light image is then recorded with & high-speed video camera and later analyzed with the image
processing system. A detailed description of the X-ray system is given in Ref. 4.

Figure 2 shows a diagram of the high-pressure double-windowed (HPOY) test rig used in conjunction
with the X-ray system. This chamber was designed for a maximum pressure of 414 MPa (60,000
psi). The free volume of the chamber is 320 cc. Five major components comprise this design. 1
the 0-shaped frame, 2) two end closures, 3) a fiberglasa tube, 4) a Vascomax steel casing which
surrounds the fiberglass tube, and 5) a steel sample holder ring which is attached to the left-
hand-side end closure. The rupture diaphragm ia often replaced with a venting nozzle (not shown
in Flg 2); the venting nozzle helps to prolong the test event so that a large portion of the
grain burns before the end of the test. The tast always ends with the rupture of the fiberglass
tube which causes a rapid depressurization of the chamber,

The heart of the chamber is the filament-wound fiberglass tube. Because of its relatively low X-
ray attenuation and high strength, fiberglass is well suited for this particular application, The
tube has an inner diameter of 6.99 cm (2.75 in.) and an outer diameter of 12.06 cm (4.75 in.). It
can accommodate a cylindrical grain which has a diameter of 5.08 cm (2.0 in.) and a length of
5.08 em (2.0 in.).
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The grain is housed in a stainlesa steel sample holder which holds the axis of the grain parallel
to the X-raya. The sample holder covers the entire circumference of the grain and leaves the
ends completely open. A center-perforated grain 1{s prepared by c¢oating the outer
circumferential and end surfaces Hith a coating of 1.1 mm (0.045 in.) thick flame inhibitor
(cellulose acetate) and then gluing the grain into the holder with apoxy. In a typical test, the
grain has a length of 3.38 cm (1.33 in.) and a perforation diameter of 0.63 cm (0.25 in.}. 1t
has a mass of 110 gm which creates a loading density of 0.34 gm/cc.

The chamber pressure is messured with two Kistler pressure transducers which are located in each
end closure. The video 1images and the pressure-time traces are correlated by using a
synchronization aignal; when the ignition switch is activated, the Micolet digital oscilloscope -
is triggared and a strobe light fires a single pulse in front of the video camera.

Pressure and Temperature Controlled
Optical Strsnd Burner

The design conditions of the strand burnar are as follows: the temperature range ia =40 C to +70
C (-40 F to 158 F), and the pressure level range is vacuum to 41.4 MPa (6000 psi)}. A schematic
diagram of the strand burner layout is shown in Fig. 3. 1In this design, both the strand burner
chamber and the purge gas are maintained at the desired temperature. The temperature of the
chamber is controlled by a recirculating constant-temperature bath of sflicon fluid (Dow Corning
200, 1 or 5 centiatoke). The time required for the strand burner to heat up from 20 to 70 C ia
3 hours. :

The temperature of the purge gas is regulated by a PI0 (proportional, integral, derivative)
controller which can hold the temperature to within 0.3 ¢ (0.5 F) of the 8et point. The P10
controller senses the tamperature of the gas leaving the heater and senda a control signal to tha
heater's power suppiy. The SCR (silicon control rectifier) power supply restricts the power to
the heater by removing a percentage of the 60 Hz cycles in the 110 Vv line voltage. The
resiatance heater has a power output of 2000 W. Ideally, one could use this control loop as-a-
flow meter: given the inlet and outlet temperature of the gas and the poWer to the heater, the
mass flow rate could be deduced. Unfortunately, for a short duration tests, the thermal inertia
of the system does not allow for an accurate determination of the mass flow rate.

For test temperatures below ambient a heat exchanger was required to cool the purge gas. After
careful consideration of the design requirements, it was determined that a cryogenic heat
exchanger was the best solution to the problem. It offers the following benefits: 1) boiling
liquid nitrogen has a tremendous heat transfer coefficient, 2) high pressure tubing could be used
for its construction, 3} it could be made to be relatively compact so that it could sit close to
the strand burner, and 4) there are no moving parts to break down. Two hand valves were used to
control the temperature of the gaa entering the resistance heater. Typically the inlet to. the
heater is 15 C less than the sat point. The heater ia then uased to accurately control tha purge
gas temperature, d
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After the strand is installed in the strand burner, air is used to purge the chamber. The
purpose of this air flow is to enhance the heet trensfer to the strand end to keep the
temperature of the inlat linea at the proper level. The air used in the preconditioning period
usually contains a large amount of water vapor. If one wiahea to conduct low temperature tests,
the asir must be dried bafore it enters the cryogenic heat exchanger; for thia reason, a desiccant
dryer, which contains 6.8 kg (15 lbs) of desiccant, is installed in the inlet line. This dryer
can operate for approximately 30 hra before the desiccant needs to be dried. .

Ouring the test, nitrogen gas is used to pressurize and purge the chamber. The nitrogen gas
comes from two, 207 HPa (30,000 psi) reservoirs, which are pressurized by an ultra-high pressure
hydraul i¢c compressor. The nitrogen gas is supplied to tha inlot of the compressor by a 17.2 HPa
{2500 psi) compressed gas cylinder. The watar vapor concentration in the cylinders is below
15 ppm; therafore, no condensation problem arises when thia gas pessea through the c¢ryogenic haat
exchanger.

The size of the propellant strand was 6.3 mm (0.25 in.) in diameter by 5.08 cm (2.0 in.) in
length. For each test, the external surface of the propellant sample waa coated with a very
thin layer of flame inhibitor (cellulose acetate); this provided a very affective means for
preventing side burning, especially at highar pressurea. Some tests were performed without tha
flame inhibitor at lower presaurea to determine if it changed the burning rate. Ho changa in the
burning rate was observed.

For temperature sensitivity tests, the propellant strand was allowad to be heated/cooled in the
strand burner for at least 20 minutes before the teat waa conducted. -A simple heat transfer
caleculation #ith & heat-transfer coefficient of 20 W/m~/K indi¢cated that this would heat/cool tha
grain to within 0.5 € (0.9 F) of the set point. ;

A video camera records the images at 30 fps. To facilitata in the reduction of the burning
rates, a ruler is superimposed on the propellant imsge by placing a semitransparent mirror
between the strand burner and the camera.

RESULTS
X-Ray Radiography Results

Tests involving all three formulations of VHBR propellant were performed in the high-pressure
double-windowed chamber with a maximum pressure reaching 331 HPa (48,000 psi). Each test waa
conducted under similar conditiona, f.e. same igniter pressure, sample geometry and mass, In
these testa, both a venting no2zle and a rupture disphragm were installed at the exit of the
chamber. The rupture diaphragm wea located downstream of the nozzle and burst at approximately
28 HpPa (4000 psi); without the diaphragm the chamber may hove depressurized before the ignition
of the VHBR propellant., The video images were recorded at 500 pps with the high-speed video
camera {Spin Physics 2000),

Figure &4 shows some of the results of a test involving the 0% boron hydride formulation. Over
two hundred video images were obtained during this teat which lasted over 400 ma. The four
images in Fig. 4 clearly show the outward progression of the inner radius of the grain as the
relatively high density propellant is replaced by low density gases. The pressure-time trace
emphasizes how the progressive nature of a center-perforated grain can craaste a tremendous
increase in pressure after a (ong interval of relatively alow pressure rise. A small decrease in
pressurization rate is noticed at 335 ms; this is caused by the bursting of the rupture diaphragm
at 26 MPa (3800 psi). In thia test, a 1.59 mm (1/16 in.) venting nozzla was inatalled. Dua to
the strong nozzle restriction of the product gases leaving the HPOW teat chamber, the drop in
pressurization rate at 335 ms is almost unnoticeable.

The results depicted in Fig. 4 are typical of all the tests conducted in the HPOW chamber; that
is they all have the same general characteristics. The characteristics of the video imagas of
all tests can be summarized aa follows.

1. The inner burning surface regresses outward with a fairly circular contour. Using a
digital image processor, the radius of the center cavity can be measured, and the burning
rate can ba deduced,

2. The propellant grain does not deconsolidate into fragments as it burns. This observation
is consistent with previously reported results from an end-burning test configuration.

3. The flame inhibitor on the outer circumferential and end surfaces prevented those areas
from burning. 1f the ends were to burn, the entire area corresponding to the grain would
become lighter; thia was not observed in any of the testa. However, in one of the teats,
the flame inhibitor around the outer circumference did fail 6 ms before the end of the
test.
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Fig, 4 Results of a Real-Time X-Ray Radiography Test using the High-Pressure
Double-Windowed Test Rig. 0% Boron Hydride Formulation.



Two p-t tracea for the 2 and 4% boron hydride formulations are presented in Fig. 5. This
comparison showa that the 4% sample burns slightly faster than the 2% sampla and therefore
generate p-t traces With a shorter time to reach the peak pressure.
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Fig. 5 Presaure-Time Traces for the 2 and 4%
doron Hydride Formulationa

For all three propellant formulations, the burning rates as a function of pressure were deduced.
The general procedure for this anpalysis is given belou.

1. Using the image processor, the area of the center cavity is obtained for approximately 20 of
the X-ray images at different times,

2, From the area, the radius was calculated using the assumption that the ares is a perfect
circle.

3. Since the time was known for each radius, the radius versus time data was curve fitted with a
series of piecewise paraboles. For each data point, a parabola was fitted through five points
(two above and two below) using a least-squares fit. The burning rate at this point was
calculated from the derivative af the parabela. From the parabola, additional burning rate
data wWere generated in the interval atarting at the midpoint preceding the point in question
and ending at the midpoint after it. This procedure cantinues until the burning rate dats for
the entire test period is deduced.

4. The pressure-time data was then used to generate a plot of burning rate versus pressure.

Figures 6, 7, and 8 contain plots of burning rate versua pressure for all three formulations.
The seolid line in each of these plots represent data which was reported in Ref. 1 and was
obtained wusing X-ray radiography with a smaller "0%-frame chamber with an end-burning
configuration. Each solid line represents the least squares fit of data obtained from four
tests. However, the dashed line in these plots represents the center-perforation test data
obtained fram one test. Only cne test was performed far each formulation due te the very limited
number of fiberglass tubes avajlable.

The new burning rate data for the 0% boron hydride formulation matches fajrly well to the end-
burning data. The new burning rata data for the 4% formulation appears to hava the same slope
8s the end-burning data at pressures above 30 MPa, but a discrepancy occurs at pressures below
20 MPa., This discrepancy will be studied further as more HPDW tests are conducted.

Perhaps the most interesting burning rate plot is the plot for the 2% formulation. The center-
perforated data has a definite alope break at 28 MPa whila the end-burning data has a slope
break at 60 MPa. The remarkabla feature is the fact that the slopes above and below the
respective break points look identical. Alse, the burning rates above &0 MPa ara identical even
though these two sets of tests were conducted using two different batches of propellant,

One possible explanation for this shifting of burning rata data at lower pressures ia a transient
burning effect. Figures 9, 10, and 11 are plots comparing the rate of pressurization for the
end-burning and the center-perforation tests. For the 2% formulation, between 15 and 23 MPa
where the burning rates show a noticoable discrepancy, the values of dP/dt are vary close. The
pressurization rate does not seem to bo ceusing this shifting of burning rate.
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A slight change in propellant formulation could also explain the difference in the burning rate.
The 0% formulation that was used for the end-burning tests waa manufactured 3 1/2 years ago. The
batch that was used for the most recent tests was made this year. Also, a different particle
sfze diatribution of the ingrgdients in thesa two batchea of propellanta could contribute to this
burning rate shift phenomenon-. :

A recovered grain of thoe 0% boron hydride formulation which extinguished at 331 HPa (48,000 psi)
shows & non-smooth burning surface. The entire surface ia covered with dimples which are
visible to the naked eye. Theae dimples are approximately 0.5 mm (0.020 in.) in diameter by
0.5 mn (0.020 in.) deep. These larga dimples are created by the burning of the nitramine
particles. Optical microacope images reveal partially burned nitramina particles at the bottom
of some of these dimplea. Tha surface of these nitramine particlea ia fairly smooth around the
outer edga, but is rough towards the center., Figure 12 contains two SEM_photographs of the
recovered sample. This figure shous several interesting phenomena.

1. The smooth region in tha center of 12 a) is the propellant'a binder. In general it can be
described as being smooth with many small, circular holes (20 microna).

2. The large object (200 by 200 microns) on the right side of Fig. 12 a) in the center is a
partially burned nitramine particle. Only a portion of this particie can be seen, but its
surface characteristics are still epparent; the outer edge ia much smoother than the inner
portion. The inner region has a somewhat crusty appearance.

Temperature Sensitivity Measurements of
the 0X Boron Hydride Formulation

Strand burning rates for the 0X boron hydride formulation were measured at three temperaturess

-10, 20, and 70 €. Thase burning retas are presented in Fig. 13, Each point on the graph
represents data obtained from a single test. A slope break is observed at 21 MPa. Beiow the
slope break, the pressure exponents of the burning reatas are quite close. However, above the
slope break, the pressure exponent at 70 C is larger than those at the other two temperatures.
From this data, the temperature sensitivity of the propellant was determined in the following
manner., e

1. For a given pressure, the burning rates for all thrae temperatufes were calculated from the
Saint-Robert's burning rate law given in Table I.

2. A paraboia was fitted exactly through these three data points. This produced an equation for
the burping rate as e functfon of initial propellant atrand temperature,

= a -+ bT; + ¢'I;? o
where a, b, and ¢ are functiona of pressure.
3. The temperature aenaitivity is defined aa
op= (O(In 8)/0T5)p &)

For each presaure level, both the derivative and the burning rate were obtained at five values
of ifnitial temperature, and the temperature aensitivity was deduced,

The temperature sensitivity for the 0X boron hydride- formulation js plotted in Fig. 14.
Discontinuities in the temperature sensitivity occur at the burning rate slope-break point of
21 HPa. As the initial temperature of the propellant increases, the sensitivity decreases,

Using the parabola fitted burning rate in Eqn. (1), the burning rates at other {inftial
temperatures {such as 5 and 45 C€) can be plotted as a function of pressure as shown in Fig. 15.

Comparison of the Strand Burning Rates

and _the Transient Burning Rates for
the 0X Boron Hydride Formulation

Figure 16 shows a comparison of strand burner burning rate data with the transient burning rate
data. It ia found that at a given pressure the atrand burning rates are approximately 22X
higher than those of the transient burning rates. This disproves the commonly accepted idea that
transient burning rates under positive pressure excursion are higher than strand burning rates,
The actuai physical reason for a higher strand burning rate is not fully understood and should be
further investigated.



SUHHARY AWD CDMCLUSIONS

The burning rates of VHBR propellants have been measured in two different test rigs.

a) Steady state burning rates were measured using an optical strand burner uith a broad
ranga of pressure and initial temperatura.

b) Transient burning ratea were measured using a real-time X-ray radiography (RTR) system-
With a high-pressure double-windowed (HPDW) test rig for pressures up to 331 WPa
(48,000 psi).

In the HPOW tests, the X-ray images show that the propellant grains remain as consolidated
charges without braaking into small fragmenta.

The transient burning ratea obtained in the HPDW test rig are reascnably close to the
transient burning rates measured in the O-frame chamber with an end burning configuration.

. A recovered grain which extingu1shed at 331 HPa (48,000 psi) showed a non-smooth burning

surfece, The entire surface is covered with dimples which are visible to the naked eye.
These dimples are approximately 0.5 mm in diameter by 0.5 mm deep. From SEM photographs,
smaller, lesa populated dimples are evident; on the microacopic scale, the binder's surface is
quite smooth.

The transient burning rates are approximately 22% lower then the strand burning rates,
The tempernture sensitivity was measured as a function of pressure and’ 1n1t1nl temperature.
The sensitivity increases as the temperature decreases.
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b) 400 X Magnification

Fig. 12 SEM Photographs of a Recovered Sample of the 0% Boron Hydride Formulation
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ABSTRACT

Convective ignition tests of XM39% low vulnerability ammunition (LOVA) propallants
were carried out under croasflow test conditions using a shock tunnal facility. This
type of test is better releted to practical ignition in standerd gun systems than othar
more common tests such as laser-induced rediative ignition. 1Ignition delay, defined as
the time from initial test section preasure rise to the emiaaion of light from the
sample with sustained combustion, was daterminad using high-speed video and
photomultiplier tube detaction ayatems., For tests conducted in this study, ignition
was always detected in the region of the aeparation point of the boundary layer. The
flame would spread from tha separation point over the downstream surface of the
propellant. 1In some instances of higher test section pressure, the flame would also
spread forward on the surface toward the atagnation point of the cylinder. It is
theorized that the pyrolysis products from the ahoulder regions and the stagnation
point, where heating ratas are highest, are carried by the flow and further reacted in
the recirculation zone formed at tha separation peoint. The subaequant gas-phase
ignition than spreads over the sample surface. A correlation batween a
nondimensionalized ignition delay time and Nusselt number waa obtained.

INTRODUCTION

Of recent interest in the gun community is the formulation of so-called
*insensitive’ munitions which would be res:atant to ignition from all but tha dasired
stimulua. Of particular interest are formuletions besed on the nitraminea RDX and HMX.
Thesa matarjiala not only display a high thermal stabllity and a low sensitivity to
ballistic vulnerebility but elso have idaal featuras of low smoke output and high
specifie impulse (rockets) or impetus (guns). However, these low vulnerability
ammunition (LOVA) propallants are not without disadvantages. The most apparent problem
associated with the prectical use ° A propellants is related to one of their
desirable characteriatics; by natu.. they are difficult to ignite. Tharefore, the
ignition characteristics of these propellants must be well understood if safe, raliable
ignitera are to be designed for gun systems employing thesa LOVA basad munitions.

The ignition phenomenon of solid propellants involves complex physical and chemical
processes. The event is initiated by the application of some external stimulus such es
convective heat transfer from hot gases, radietive heat flux, impact, friction, etc.
and ends with the self-susteined burning of the material. Tha physical and chemical
interactions which occur_during this period characterize the 'ignition' transient
phenomenon end ere function of both the material and the typa of stimulus epplied.
Part of the difficulty in studying ignition behavior lies in the interpretation of the
definition. The beginning of the ignition event, the initial application of some
external stimulus, is easily detarmined, but the completion of the ignition processes,
the onset of self-sustainad combustion, is not as easily identified. For example,
*ignition’ to tha prectical gun system designer is represented by a successful

“This work was performed under Contract Number DAALO3-B7-K-0064 under the sponsorship
of the Army Research Office, Research Triengle Perk, North Carolina. The program
manager is Dr. David Mann. His support of this research is greatly appreciated.
Thanks also go to Dr. Joseph Rocchio for providing the propellent samplea.

#Greduete Assistant, Ph.D. Candidate

SAssiatant Professor

tDistinguished Alumni Professor
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triggering and rasultant firing of the gun system {ie. the end result jusifies the
ignition of the propellant material used). However 'ignition' in an experimental
setting, where laboratory constraints might not permit self-sustained burning of the
material, may be represented by emission of light from a sample or the measurement of
PYrolysis gases generated from the reacting sample. 1In the case 2f a theoretical
model, ‘'ignition' would probably be based on some type of runaway temperature criteria.

In addition to the above interpretive problems, the mechanism of ignition is
different for the different stimuli applied and thus compariscon of data from various
experiments is very difficult. It would be extremely useful if a set of experiments
¢ould be performed using a single propallant type in various ignition experiments which
employ the same ignition tnreshold criteria. This would provide a clearer
understanding of the subsequant results and, at the very least, useful quantitative
comparisons between different ignition tests employing different mechanisms could be
made,

Much information is already known about the combustion of nitramine propellants.
The literature survey by Boggs! provides a very good overview of what has been done
regarding the thermal decomposition of both RDX and HMX. Of particular interest, is
the description of ignition studies with HMX in which the radiative ignition behavior
of the nitramine is found to be more similiar to double-base propellants than that of
AP comporite propellent2. The study, first presented by Bcggs et. al.2, describes how
HMX pellets display significant pre-ignition behavior after reaching a gasification
threshold for a given laser induced heat flux input. The pellets, even after reaching
the gasification tbreshold, were not able to sustain burning until ancther 'go/nogo’
threshold had been reached. This is unlike AP-based propellants which ignite almost
immediately after gasification is achieved. It was concluded in this study that the
ignition of the nitramine propellant was occurring in the gas phase. Another study by
Kim et 31.3.4 examined laser induced pyrolysis and ignition processes of RDX bases
composite propellants using a high-powared C02 laser, similiar to the work done on HMX
by Boggs et. al. Based on fine wire thermocouple measurements, Kim found five separate
reaction zones above the propellant surface during the ignition transient (1) a primary
reaction zone, (2) a first preparation zone, (3) a secondary reaction zone, (4) a
second preparation zone and (5) a fina) luminous flame zone, Again the importance of
gas phase reactions on the ignition of che propellants via radiative heat flux has been
substantiatad.

Kubota? examined the flame structure of both RDX- and AP-based composite propellants
and described his findings. The RDX-based propellant exhibited a steady state flame
structure similiar to double~base propellants in which a visible standoff distance
between the luminous flame and the propellant surface could be seen. It has been shown
that the RDX composite, although displaying a physical structure similisr to the AP-
based propellant, has a combustion wave structure which is more similiar to that of
double-base homogenacus propellants, Although this work involved the visualization of
steady flame structure, it further supports the above findings of Boggs et. al. and Kim
et. al. in which the gas phase reactions are important to the combustion of nitramine
propellants.

A recent JANNAF workshop, cocoordinated by Stiefel and Kuo®, was held to determine
the status and shortcomings of nitramine propellant ignition research. A good portion
of the workshop dealt with ignition of nitramine propellants in gun simulator studies.
For example, Stiefel? and Messinz® discussed the work done with’'25mm gun system
simulators, Rodriguez9 examined the relationship between ignition system
characteristics, the temperature coefficient, and round-to-round reproducibility using
a 30 pm test fixture, other tests ¢f this nature were described othersb. These tests,
altbough very valuable when determining the ideal charge/igniter design for a
particular gun system, do not place as great an emphasis on understanding the basic
fundamental physical and chemical processes which govern nitramine propellant ignition.
Witbh a better understanding of these processes, the above tests would become even more
usaful due to the data base which they provide.

Idantified at the workshop was a lack of fundamental convective ignition
information. Since this ignition mechanism is 3¢ important to the gun community, this
was felt to be a major shortcoming. Convective ignition tests have been carried out
successfully in the past by both Kashiuagila and Birkll using a shock tunnel facility.
Kashiwagi studied ignition of solid fuels due to convactive heating via hot shock tube
genarated gasas. The geometry of the sample was a flat plate. Birk carried out a
study of cylindrical nitrocellulose propellants which were ignited via convective
crossflow haating by hot gases created by the same shock tunnel facility that Kashiwagi




used. Birk was able to visually determine, for nitrocellulose propellants, that
ignition of the sample occurred either at the front stagnation point, the separation
point of the boundary layer, or the rear stagnation (downstream wake) region depending
on the imposed convective conditions, the percentage of oxidizer in the test gas, and
tbe propallant fcormulation used. In addition, the ignition dalay (defined as arrival
of the pressure wave to the tima of first light emission) could be measured and the
effacts of pressure variation, temparature, flow velocity and free stream oxidizer
content on the this dalay time could be examined. Tha test method used by Birk was
very affective and provided useful information regarding tha ignition and flame
spreading phenomenon for the nitrocellulose propellants studied.

This paper describes the convectiva ignition portion of an ongoing study of RDX-
based XM-39 LOVA propellant carriad out using the same shock tunnel facility as Birk
and Kashiwagi with modifications to the test section only. The overall goal of the
continuing study is to achieve a better understanding of convective ignition processes
and examine possible relationships between tbhe convective and more commonly examined
radiative ignition behavior of this propellant. Although the C0O2 laser radiative test,
as mentioned earlier when discussing the work of Kim et, al., provides greater control
over heat flux input and is more commonly used due to its ralative simplicity, the
convective ignition test is more closely related to the actual ignition process used in
practical gun systems where propellant ignition is obtained via hot gases from the
ioniter. The objectives of this project are to (1) visually examine the convective
ignition phenomenon and subsequant flame spreading of RDX-based XM-39 propellant using
high speed photography, (2) measure ignition delay (based on light emission from the
sample) and examine possible correlations to convective flow parameters (Raynolds
Number, Prandtl Number, Nusselt Number and Macbh Number).

METHOD OF APPROACH

SHOCK TINNEL FACILITY

The convective igniticn experiments are carried out using a modified version of tbe
shock tunnel used in previous studies by Xashiwagi and Birk as discussed above. The
shock tunnel facility, shown schematically in Fig. 1, is a total of 24.1 m (79 £ft)
long. The driver section length is 9.7 m (31.8 ft) and the driven section length is
8.5 m ( 27.9 £ft). The last 5.9 m (19.3 ft) section of the tunnel makes up the exhaust
chamber for tha induced flow. The inside diameter of the tunnel is approximately 9.718
em {(3.826 in.). The driver section has a maximum rating of 12.4 MPa (1800 psia) and is
charged with helium gas. Tha driven section can be brought to pressures as low as 1.38
kPa (0.2 psia) and the test gas can be composed of any combination of oxygen and
nitrogen. Firing of the tunnel is accomplished through a double burst diaphragm
technique. The burst diaphragms are composed of soft aluminum sheets and are ruptured
against a knife edga to minimize tha amount of debris that ends up in the tunnel.

I i . | e -l
5.9m 1 I 8.5 m I 9.7m = |
(19.3 1t) (27.9 1t) (31.8 1t)
Eshaust Section T1est Driven Section Diaphragm Driver Section
section section

Figure 1. Schematic diagram of shock tunnel facility

The test section is located at the end of the driven section and is characterized by
& sudder cross-sactional araa change from the 9.718 em (3.826 in.) diameter round shock
tunnal to a 2.858 om (1.125 in.) square duct. A cut-out side view of tbe test section
is shown in Fig. 2. Quartz windows located on the top and sides of the test section
{side windows not shown in the figura) provide optical access. Perforated plates are
located at both the upstream entrance and downstream exit. The downstream exit plate
acts as a nozzle which chokes the flow and controls the velocity of gas through the
tast section. The upstream perforated plate was not used by either Kashiwagi or Birk
in thair studies. It was addad to help damp out initial pressure oscillations caused
by the starting transient of the flow when the shock wave passes through the test
section. Without the plate, the pressure in the test section would display extreme
oscillations in the first three milliseconds of the test time, Addition of the plate
lessens the magnitude and duration of these oscillations.
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Figure 2. Cut-out side view of test section for convective ignition studies

The shock tunnel is used to create a reservolir of high temperature, high pressure
gas which in turn induces a flow through the test section. The incident shock wave
generated in the tunnel propagates down the driven section to the test section. Since
the diameter of the tunnel is much larger than the opening to the test section, most of
the shock wave is reflected off the flat end wall. The doubly shocked gas in the
driven section of the tunnel is now at a very uniform high pressure and temperature.
The high pressure induces flow through the test section and across the sample. Ideally
this flow is of a steady temperature and pressure throughout the availahle test time.
The major limitation of the shock tunnel is the time in which the flow is at these high
temperatures and pressures. Under certain conditions, the shock tube facility provides
a maximum of ~17 ms of useful test time. This time can be shortened if the conditions
of the tunnel are not in the 'tailored®' opersting regimel?. Tailoring of the shock
tunnel conditions is commonly used in shock tube studies and deals with minimizing the
interaction of the reflected shock wave with the contact surface (the interface between
the driver and driven gases). If the internal energies of the driver and driven gases
are equal across the contact surface, the reflected shock will pass through the contact
surface without creating any additional disturbances other than a Mach wsve. If they
are not equal, the interaction results in either an expansion wave or shock wave which

‘is reflected hack toward the test section, The arrival of this disturhance created hy

the interaction at the contact surface prematurely ends the test time. For the shock
tunnel used in this study, tailored conditions were ohtained when the incident shock
wave had a Mach number between 3.60 and 3.90.

Prior to ignition testing, the uniformity of the flow passing through the test
section and across the sample had to he examined. This was especially necessary
because the addition of the upstream perforated plate would create a turhulent wake
region upstream of the sample position which would have to dissipate prior to reaching
the position in the test section where the sample was mounted. A set of high speed
schlieren tests were carried out to visuvalize the flow approaching the sample. The
results of these tests proved the flow approaching the sample was uniform.

Through contrel of the areas open to the flow on hoth the upstream perforated
plate and downstream nozzle, the initial driver gas to driven gas pressure ratio and
the initial pressure in the driven section, the shock tunnel is capable of preducing a
wide range of test cenditions: pressures of 1.03 to 4.14 MPa (150 to 600 psia)},
temperatures of 950 to 1500 K (1710 to 2670 R}, and velocities of 40 to 250 m/s (131 to
820 ft/3). As described earlier, the above conditions have, in certain csaes, very
short available test times depending on the deviation from the tailored regime.

Diagnostics for ignitions tests are highlighted in Fig., 3. Three Kistler 601Bl
pressure transducers located along the driven section of the tunnel detect the arrival
of the shock wave at fixed locations and are vaed to measure the speed of the incident
shock wave, Another Kistler 601B122 pressure transducer is located in the test
section, 1.91 cm (0.75 in.) upstream of the sample, as can be seen in Fig. 2. This




transducer provides test section pressure information., To determine ignition delay,
fiva RCA 1P28 photomultiplier tubes with filters to prevent saturation are used
remotely via fiber optic tubes which are mounted on the top window of the test section
{see Fig. 2). High speed visualization of the event is accomplished through the two
side windows. Usually a Kodak Spin Physics SP2000 high-speed video system is used with
backlighting of the sample, but tests have baan run under more complicated shadowgraph
and schlieren conditions using the SP2000 video system. In addition, a Redlake Hycam
high speed 16 mm movie camara with a higher frame rate has been used for a very limited
number of tests.

Separate tests are carried ocut to measure gas temperature and flow velocity. To
determine gas temperature, the sample holder ils removed and one of the side ports is
used to mount an S-type thermocouple in tha center of the tast section. The
thermocouple was made of 25 um (0.001 in,) diameter wire; butt-welded at the enda to
obtain as small a bead as possible. Theoretically, tha diract thermocouple reading
provices a temperature value between the total temperature and the static temperature
of the flow, Corrections to this direct reading in order to compensate for any
diacrepancy were not deemed necessary for the low speed tests (40-55 m/s) where the
difference between static and stagnation temperature values would be very small. The
velocity of the flow was detarmined using two approximate methods. First, a pitot tube
set-up incorporating a Validyne 215-51 diaphragm pressure transducer was used, but the
response time was not fast anough to provide anything but a good estimate of the flow
velocity within %5 m/s. Howaver, during tha course of tha test firings an alternativa
measurement method was discovered. If the driven section of the shock tunnel is not
thoroughly claaned between test firings, reacting aluminum (or some other material)
particles are carried through the test section throughout the duration of the test.
Under the assumption of no slip velocity betwaen the gas and the particle (fully
entrained conditions), measurement of the streakline langths captured on the high-speed
video as the particles passed through the test section provides another approximata
value of flow velocity. Comparison of the values obtained using both methoda showed
vary good agreement (within %5 m/s).

TEST SAMPLE

The propellant used for this atudy was XM-39 (Lot #A5-1184-113) which has a
formulation of 76% RDX, 12% CAB, 7.6&% ATEC, 4% NC, and 0.4% EC. Tne grain geometry was
cylindrical with a nominal diameter of 7 mm (0.28 in.) and length of 8.6 mm (0.34 in.).
Unfortunately the samples ware received in 2 less than ideal condition. The size
({length and diameter) varjed from grain to grain, tha siza of an individual sample was
not uniform (not a perfect cylinder) and the surfaca was pitted and graphite coated.
In order to try and maintain uniformity in the tests, aach sample had to be carefully
prepared. This was done by hand to minimize any possible damaga to tha sample which
machining might cause. The length was trimmed to a constant 0.74 ¢m (0.29 in.), the
graphite coating was removed, and the surface was polished until it was visually
smooth.

The semple waa then mounted in the test section s0 tha induced flow was
perpendicular to the length of the grain. This relatively simple grain/flow geometry
was used in order to gain a more fundamental understanding ¢of the underlying ignition
mechanisms of the propellant. Mounting of the sample in the test section was
accomplished by drilling a hole down the center of the cylindrical. sample. A stainless
steel rod is inserted through this hole and attached to end holders. The difference
between the size of the test section (2.86 ¢m/1.125 in.) and the length of the sample
{0.74 ¢cm/0.29 in.) was occupied by inert teflon spacers on either side 30 the flow
would ‘see’ easentially one long cylinder stretching across the entire test section.
Thia wes done to remove eny possible end effects from the test.

TEST CONDITIONS

The shock tunnel has a maximum test time of about 17 msec under tajlored conditions.
From the literature it is well known that XM-39 diaplays long ignition delay times,
Concern over whather the propellant would ignite witbin the avejilable test regime
dicteted the conditions chosen for this study. The tests were performed in the region
of the teilored interface conditions, incident shock wave Mach number between J.60 and
3.90, which would provide the maximum testing time. Some test were run at higher and
lowar incident Mach numbers beceuse the sample would ignite prior to the premature
ending of the test. The open araa of both the upstream perforated plate and downstream
nozzle were fixed so the velocity of the test gases was usually between 50 and 56 m/s
(164.0 ft/s end 183.7 ft/s). At theae lower velocitiea the propellant would have a
better chence of achieving ignition within the available test time. The tests were
carried out using air as the teat gas which is indicative of practical ignition
scenerios. Tha actual taat conditions ere listed in Table I of the Results aection.
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Figure 3. Schematic diagram of convective ignition diagnostics

RESULTS AND DISCUSSION

To obtain the gas-phase temperature of the convective stream within the test
section, a set of calibration tests were carried out. For this set of tests, the Mach
number of the incident shock wave, the test aection pressure, and the gas-phase
temperature were measured end correlated. Using this correlation, the temperature
could be celculeted if the incident ahock wave Mach number and test section pressure
are known. Transport properties such as thermal diffusivity and viscosity of the test
ges were detarmined using these calculated temperatures.!? In addition, the gas-phase
density wes deduced using this temperature value and the measured test section
pressure.

A typical temperature trace is shown in Fig. 4. The response time of the
thermocouple was not fast enough to provide detailed information about the starting
period of the flow, but it is assumed the plateau on the trace towards the end of the
test time corresponded to the average gas temperature in the test section.

JGHITICH TESTS

A totel of sixteen ignition tasta have been conducted at the conditions shown in
Table I. This table lista the meesured test section pressure and incident shock wave
Mach number, the corresponding tempereture value obteined via e correlation to
calibretion date, end the velues of Reynolds number, Prendtl number, test section flow
Mach number end Nusselt number. In eddition, there ere two listings for deley times
essocieted with ignition, the time to light emmission {(tir) end the ignition delay time
{10} . ’

The first deley time listed is the time until first light ammission (tir). In most
cases, emmission of light from the sample was observed on the high-speed video record
of the trensient stertup time. During this startup time, the shock wave arrives at the
test section end heeting rates are highest., However, this 'trensient' ignition was not
elweys able to sustein burning for the entire test time beceuse the heating retas would
decreese with the onset of the quesi-steedy flow through the test aection. The sample




once quenched would usually, but not always, reignite later during the steady state
convective heating period and sustain burning until the end of the teat time, It is
this sacond ignition point which has been labeled the ignition delay time(tip). The
ignitioo dalay was determined through analysis of both the photomultiplier output
{100,000 data points per second) and the high speed video pictures (6,000 pictures per
aacond) .

TABLE I: Summary of test conditions and results

Test Section Parameters

Test Incident Pressure Temperature Reynolds Prandtl Nusselt Mach tLE tI1o

ia) °K_{°R) Nunher = Number Number Number msec msec
051 3.808 1.89(274) 1377 ¢2479) 35190 0.707 142.6 0.074 2.83 7.33
052 3.758 1.92(278) 1319(234) 38755 0.716 150.8 0.076 3.17 5.50
053 3.869 1,81(262) 1447(2605) 31402 0.695 133.6 0.073 - 7.27
055 3.850 1.75(254) 1425(2565) 31259 0.699 133.2 0.074 - 9.41
056 3.915 1.,72(249) 1498 (2696) 28216 0.685 125.6 0.072 1.00 2.45
058 3.872 1.74(252) 1450(2610) 30086 0.694 130.3 0.073 1.17 1.50
059 3.971 2.65(384) 1563(2813) 39959 0.687 153.5 0.071 1.33 3.17
060 3.789 2.58(374) 1355(2439) 50472 0.710 175.7 0.076 - 2,82
061 3.780 2.57(373) 1345(2421) 51008 0.712 176.8 0.076¢ 1.67 3.17
062 3.641 2.21(320) 1234 (2221) 49761 0.725% 174.2 0.077 -= 5.64
063 3.934  2.37(344) 1520¢2736) 37180 0.686 147.2 0.070 0.83 5.17
064 3.700 2.22(322) 1252 (2254) 45989 0.723 166.5 0.073 2.83 3.64
065 3.898 1.99(289) 1480(2664) 31529 0.689 133.9 0.069 2.83 8.59
066 3.407 2.21(320) 1173¢2111) 37330 0.728 147.6 0.055 -= 11.46
067 3.602 1.72(250} 1164 (2095) 41944 0.726 157.9 0.079 1.67 14.55
068 3.580 1.89(274) 1172(2110) 44619 0.728 163.6 0.077 1.33 5.33

The reaults of Test 067 have been cbosen as a 'typical’ example case in which to

discuss tbe ignition phanomenon.

It should be understood that thia does not mean all

the tests displayed identical reaulta, but for this series of low speed testa the
variation in the phenomenon observed was not axtreme from case to case,

Tha pressure transducer output versus time for Teat 067 is presented in Fig. §.
the trace can be divided into two sections.

can be seen,
i3 cbharacterized by a sharp pressure rise followed by large oscillations cauvaed by

reflections of the incident shock wave within the test section.

The

These large

oscillations damp out in less than three milliseconds before the ‘steady state' test

time period begins.

pressure over the duration of the test,

reaults.

The static pressure during the steady state test time is not
constant during the test but increases from a minimum value of 1.55 MPa (225 psia) to a
maximum value of 1.90 MPa (275 psia).

This corresponds to about a 20% increaae in
This, unfortunately, is unavoidable ao an
average presaure value is used in all calculations and in the presentation of the

test can be considered quasi-steady with tolerable pressure variation.

Although this is undesirable, the pressure value during the majority of the

The output of the five RCA 1P28 photomultiplier tubes are shown in Fig. 6. The
large initial deflection in the traces (the output of PMT 5 saturated the data
acquisition system) corresponds to the arrival of the incident shock wave in the test

section {time = Q).

The photomultipliera can recover from this flashing in less than 2
The large spike appearing aoon after recovery (PMT 3) corresponds to s very bright

flash from the top of the sample which can he seen very clearly in the video pictures
(see Fig. 7) and is listad in Table 1 aa tic.
photomultiplier signal (particularly on PMT 2 and PMT 3 which are focused on the

sample) ia due to _the ongset of suatained ignition of the sample at 14.65 ma (tip).

The next deflection of the

rarefaction wave arrivea at the test aection after -17.60 ms (see Fig. 5) and the
intensity of light from the burning sample drops and rises but the sample does not
fully axtinguish until 22.35 ms after the first detection of pressure rise in the test
section.

Still photographs obtainad from the high-speed video for Test 067 are shown in Fig.
7. Backlighting of the sample was used and the convective stream is moving from right

to laft.
aample in tha test saction.

To provida aome initial perspective, Fig. 7a is a pretost picture of the
The arrival of the shock wave is 30 bright that the video

system asturatas and is therefore not shown but this would correspond to time t=0.
Figura 7b waa taken to show the bright flaah at the top of the test sample which

This flash of
light from the sample could only be seen in a single frame from the video.

corresponds to the large apike on the photomultplier trace (PMT 3).

Thereafter

the azmple appears aa aean in Fig. 7c until tha ignition point at time t = 14.67 ms

As
‘transient starting time'

The
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{Fig. 7d) on the top of the sample only. In Fig. 7f, corresponding to t = 15.00 ms,
burning can also be seen from the lower part of the sample. Subsequent frames show the
incraasing light emission from the waka region of the sample until eventually the
burning spraads over tha entire downstream surface (Figs. 71 and 7m). The final
picture shown, Fig. 7t, corresponds closely to the arrival of the rarefaction wave when
the burning is briefly interrupted as the pressure drops. The sample does continue to
burn for several more milliseconds, but this is not of interest at this point othar
tharn to show resiliency of the flame which provides proof that actual ignition of the
sample has occurred.

In some tests, such as 068, the burning becama so intensa it spraad forward from the
separation point of the boundary layer toward the stagnation point of the sample. The
major difference hetween the two tests can be sean in Tabla 1. The pressure in tha
test section for test 068 was much greater than for test 067. This lowered the
ignition delay time considerably and affacted the flame spread phenomenon aftar
ignition had occurred. It should remain claar however, that the ignition of the
sample, as it has been defined for this program, still occurred in the area of the
separation point ¢f the boundary layer.

One goal of this projact is to examine possible correlations between the ignition
dalay time and the nondimensional paramaters involved in tha convective ignition
process. Any general correlation will have to account for a large number of variablas
(e.g. Rep, Pr, My, Yox, propellant formulation, sample surface characteristics, etc.).
For the data presented here, however, only a very simple correlation between tha
ignition dalay time and the Nusselt number (see Fig. 8) is possible bacausa of tha
limited range of test conditions imposed (see Table I). The ignition delay time, tio,
was nondimensionalized using the charactaristic flow residence time (diameter of tha
sample/velocity of the external flow in the test section). Since the valocity in the
test section did not vary considerably this reference time was almost constant. The

average Nusselt number was calculated using the formula given by Whitaker!4:
Bup = (0.40Rep®-5 + 0,06Rep?-67)pr0.4 )

This plot is provided to show the potential for correlations of a more complex nature.
As stated before, the data presented here rapresents a small range of test conditions.
The valocity in the test section was hald almost constant, all tests ware carried out
in air, and the formulation of the propallant was not varied. Therefore, the only
variables changed by any significant amount were tha test section pressure and
temperature. The variation of these two variables is accounted for in tha calculation
of the Nusselt number. Further testing at different flow velocities and test gas
oxidizer concantrations are planned to further generalize any future correlations.
Presently, the ignition delay data are correlated with Nusselt number in the following
formula:

tin/tret = 179.71 - 0.8749%0Nup (2)

This equation provides and adequate trend for the data with reasonable accuracy.

"
1He -

l--l-

o t1D/p g = 179.71 - 0.87490Nup

0y 0e = 210 V/p

Pug = (0.40Rep0.% + 0.06Rep0.47)Pr0.4

Figure 8. Nondimensionalized ignition delay time versus calculatad Nussalt number
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CONCLUSIONS

The following conclusions about the convactiva ignition of XM-39 propellant can be
raached based on the results obtained and discussed above:

1. Convective ignition and flama spraading phenomenon of XM-39 solid propellant has
been successfully obderved using a shock tunnel facility.

2. From observation, the sample surfaca can reach momantary ignition due to incident
and reflected shock wave heating during the transient startup time of tha test.
This heating is vary intansa but very short in duration and leads to light
emmission from tha sample. However, the thermal profile during this pariod is too
thin to sustain ignition after the heat input is reducad.

3. Sustained convective ignition usually occurs in the region near the saparation
point of the boundary layer. Probable gas-phase ignition mechanism - the high
heating ratas at the stagnation point and shoulder region of the sample create
pyrolysis products which are carried by the flow into the recirculation zonas
tormed by tha boundary layer separation. Further heating at these points lead to
ignition in the gas-phase.

4. Ouring the test, the flame propagates towards the downstream stagnation point of
the propellant sample. The sample is acting as a flame holder - in the waka ragion
the local flow velocity is reduced and the flame can sustain.

5, 1n most tests, the luminous flame remained on the downstream sida of tha sample in
the recirulating wake. However, as the test chamber pressure was increased, the
luminous flame propagated upstream toward the front stagnation point of tha sample.
This is believed to be an effect of the higher heating rates to the front of the
sample caused by the higher pressures,

6. A simple ignition delay to Nussalt number correlation provides an indication of the
effect of the external flow parameters on the ignition of tha LOVA propellant
sample.

FUTURE WORK
Continuing tests will be carried out to improve upon the results obtained thus far.

- Freestream velocity measurements in the test section will be validated using Laser
Doppler Velocimetry.

- More gas-phase temperature tests with a faster responding thermocouple will be
conducted to better improve temperature/pressure/incidant shock wave Mach number
correlation.

- Further ignition testing at different flow velocities and using test gases with
varying concentrations of oxygen will be carried out to expand on the range of data
evailabla for the development of more general correlations.
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CONVECTIVE IGNITION PHENOMENA OF LOVA PROPELLANTS*
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Abstract

Crossflow convective ignitilon tests of
RDX-based LOVA perforated stick solid
propellant are carried out in air and
nitrogen using a shock tunnel facllity.
Test conditions are in the range of
pressure: 1.38 MPa - 2.77 MPa, temperature:
1100 ¥ - 1500 ¥ and flow veloclty: 60 m/s -
70 m/s. Ignition, achieved only in the
presence of ambient oxidizer, is always
obgerved at or very near the surface of the
sample in the region of the boundary layer
separation point. Ignition delay time,
determined using a photomultiplier tube
detection system, is correlated to
dimensionless convective flow parameters,
Post-test microcoplc analysis of samples
show the formatlon of a liquid layer on the
surface which grows in thickness near the
separation point. A complex three-phase
ignition process 1s postulated upon to
asgist with modeling considerations.

Intreduction

Of recent interest in the qun and rocket
community is the formulation of so-called
'ingensitive' munitions which would be
resistant to accidental ignition from all
energy levels below the desired stimulus.

Of particular interest are formulations
based on the nitramines RDX and HMX. These
materials not only display a high thermal
stability and a low sensitivity to ballistic
vulnerability but also have ideal features
of low smoke output and high specific
impulse (rockets) or impetus ({guns).
However, these low vulnerability ammunition
{LOVA) propellants are not without
disadvantages. The most apparent problem
associated with the practical use of LOVA
propellants is the difficulty in achieving
congsistent ignition when it is desired.
Therefore, the ignition characteristics of
these propellants must be well understood 1if
safe, reliable igniters are to be designed
for propulsion systems which use these types
of propellants.

The ignition of seclid propellants
involves complex physical and chemical
processes, The event is initiated by the
application of some external stimulus such
as convective heat trangfer from hot gases,
radiative heat flux, impact, friction, etc,
and ends with the self-sustained burning of
the material. The physical and chemical
interactions which occur during this period

characterize the 'ignition' transient
phenomena., Thegse interactions and the time
scales asgsgsociated with them depend upon the
nature of the material, the type of stimulus
applied and the level of energy input. Part
of the difficulty in studying ignition
behavior lies in the interpretation of the
definition. The beginning of the ignition
event, the initial application of some
external stimulus, is easily determined,
the completion of the ignition processes,
the onget of self-sustained combustion, is
not as easily identified. For example,
'ignition' in a laboratory setting may be
represented by emission of light from a
gsample or the measurement of pyrolysis gases
generated from a reacting sample. In the
cage of a theoretlcal model, 'ignition' is
sometimes based on some type of runaway
temperature criteria,lr2,3

but

In addition to the above interpretive
problems, the mechanism of ignition changes
when different stimuli are applied and thus
comparison of data from various experiments
ig very difficult. It would be extremely
ugeful if a set of experiments could be
performed using a single propellant type in
various ignitien experiments which employ
the same ignition criteria. This would
provide a clearer understanding of the
subsequant results and, at the very least,
useful quantitative comparlsons between
different ignition tests employing different
mechanisms could be made.

Much information is already known about
the ignition and combustion of nitramine
propellants. The literature survey by
Boggsd provides a very good overview of what
has been done regarding the thermal
decomposition of both RDX and HMX. Of
particular interest, is the description of
ignition studies with HMX in which the
radlative ignitlon behavior of the niltramine
is found to be more similiar to double-base
propellants than that of AP composite
propellants. The study, first presented by
Boggs et al.J, describes how HMX pellets
display significant pre~ignition behavior
after reaching a gasification threshold for
a given laser induced heat flux input. The
pellets, even after reaching the
gasification threshold, were not able to
sustain burning until another 'go/no go'
threshold had been reached. This is unlike
AP-basgsed propellants which ignite almost
immediately after gasification is achieved.
It was concluded in their study that
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ignition of nitramine propellants was
occurring in the gas phase., Another study
by Kuo and coworkers®: 7 examined laser
induced pyrolysis and ignition processes of
RDX-based composite propellants using a
high-powered CQ2 laser, Based on fine wire
thermocouple measurements, Kuo and
coworkers®: 7 found five separate reaction
zones above the propellant surface during
the ignition transient (1) a primary
reaction zone, (2) a filrst preparation zone,
{3) a secondary reaction zone, (4) a second
preparation zone and (5) a final luminous
flame zone. Again the importance of gas-
phase reactions on the ignition of the
propellants via radiative heat flux has been
substantiated.

Kubota® examined the flame structure of
both RDX- and AP-based composite propellants
and described his findings. The RDX-based
propellant exhiblted a steady-state flame
structure similiar to double-base
propellants in which a visible standoff
distance between the lumincus flame and the
propellant surface could be seen. The RDX
composite, although displaying a physical
structure sgsimiliar to the AP-based
propellant, has a combustion wave structure
which is more similiar to that ¢f double-
base homogeneous propellants. Although this
work involved the wvisuallzation of steady
flame structure, it further supports the
above findings of Boggs et al, and Kuo and
coworkers®r7 in which gas-phase reactions
are important to the combustion of nitramine
propellants.

A recent JANNAF workshop, cocoordinated
by Stiefel and Kuo?, was held to determine
the status and technilogical gaps of
nitramine propellant ignition research. A
large portion of the workshop dealt with
ignition of nitramine propellants in gun
simulator studies. For example, Stiefel and
Costellol0 and Messina et al.ll digcussed
work done with 25mm gun system simulators

and Rodriguezl? examined the relationship
between ignition system characteristics, the
temperature ccefficient, and round-to-round
reproducibility using high energy LOVA
propellants in a 30 mm test fixture. These
tests, although very valuable when
determining the ideal charge/igniter design
for a particular qun system, do not place as
great an emphasis on understanding the basic
fundamental physical and chemical processes
which govern nitramine propellant ignition,
Identified at this workshop was a lack of
fundamental convective ignition infermation.
Since thils ignition mechanism is important
to the gun community, this was felt to be a
major technological gap.

Convective ignition tests have been
carried out successfully in the past by both
Kashiwagl et al,l3 and Birk and Cavenyld
using a shock tunnel facility. Kashiwagi et
al.l3 studied ignition of solid fuels due to
convective heating via hot shock tube
generated gases, The geometry of the sample
was a flat plate. Birk and Cavenyld carried

out a study of cylindrical nitrocellulose
propellants which were ignited via
convective crossflow heating by hot gases
created by the same shock tunnel facility
that Kashiwagi et al.l3 used. Birk and
Cavenyld were able to visually determine,
for nitrocellulose propellants, ignition of
the sample occurred elther at the front
gstagnation point, the separation point of
the boundary layer, or the rear stagnation
(downstream wake) region depending on the
imposed convective conditions, the oxidizer
percentage in the test gas, and the
propellant formulation used. In addition,
the ignition delay (defined as arrival of
the pressure wave to the time of first light
emission) could be measured and the effects
of pressure, temperature, flow velocity and
free stream oxidizer content on the this
delay time could be examined. The test
method used by Birk and Cavenyl4 was very
effective and provided useful information
regarding the ignition and flame spreading
phenomencon for the nitrocellulose

" propellants studled,

This paper describes the convective
ignition peortion of an ongoing study of RDX-
based XM-39 LOVA propellant carrled out
using the same shock tunnel facility as Birk
and Cavenyl? and Kashiwagl et al.l3 fThe
ultimate goal of the ongolng study is to
achleve a better understanding of convective
ignition processes and examine possible
relationships between the convectlve and
more commonly examined radiative ignition
behavior of this propellant. Although the
CO2 laser radlative test, as mentioned
earlier when discussing the work of Kuo and
coworker56f7, provides greater control over
heat flux input and 1ls more commonly used
due to its relative simplicity, the
convective ignition test is more closely
related to the actual ignition process used
in practical gun systems where propellant
ignition is obtained via hot gases from the
igniter, The objectives of this project are
to (l) visually examine the convective
ignition phenomenon and subsequant flame
spreading of RDX-based XM-39 propellant
using high speed photography, (2) measure
ignition delay (based on light emission from
the sample) and examine possible
correlations to convective flow parameters
and (3} microscopically examine recovered
propellant samples to determine the effects
of burning on sample surfaces.

Metheod of Approach

The convective ignition experiments are
carried ocut using a modified version of the
shock tunnel used in previous studles by
Kashiwagi et al.l3 and Birk and Cavenyl? as
discussed above. The shock tunnel facility,
shown schematlcally in Fig. 1, is a total of
24.1 m long. The driver section length is
9.7 m, the driven gection length ig 8.5 m
and the exhaust section length is 5.9 m.

The inside diameter of the tunnel is
approximately 9.7 cm. The driver section
has a maximum rating of 12.4 MPa and is
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charged with helium gas. The driven section
can be brought to pressures as low as 1.38
kPa and the test gas can be composed of any
combination of oxygen and nitrogen. Firing
of the tunnel is accomplished through a
double burst diaphragm technique. The burst
diaphragms are composed of soft aluminum
sheets and are ruptured against a knife edge
to minimize debris in the tunnel.

The test section is located at the end of
the driven section and is characterized by a
sudden cross-sectional area change from the
9.7 ¢m diameter round shock tunnel to a 2.86
cm square duct. A cross-sectional side view
of the test section is shown in Fig. 2.
Quartz windows located on the top and sides
of the test section (side windows not shown
in the figure) provide optical access.
Perforated plates are located at both the
upstream entrance and downstream exit. The
downstream exit plate acts as a nozzle which
chokes the flow and controls the velocity of
gas through the test section. The upstream
perforated plate is used to help damp out
initial presgsure oscillations caused by the
starting transient of the flow when the
shock wave passes through the test section
and to protect the sample from burst
diaphragm debris Prior to ignition testing,
the uniformity of the flow passing through
the test section and across the sample was
visually examined using high speed schlieren
photography. LDV measurements further
validated the uniformity of the flow in the
test section.

The shock tunnel is used to create a

Driven Section
8.5m

:[ Driver Section|
Diaphragm

Section

92.7m ——=

Schematic diagram of shock tunnel facility and diagnostics

reservoir of high temperature, high pressure
gas which in turn induces a flow through the
test section. The incident shock wave
generated in the tunnel propagates down the
driven section to the test section. Since
the diameter of the tunnel is much larger
than the opening to the test section, most
of the shock wave 1s reflected off the flat
end wall and the perforated plate. Upon
reflection, the doubly shocked gas in the
driven section of the tunnel reaches a very
uniform high pressure and temperature. The
high pressure induces flow through the test
gection and across the sample. Ideally this
flow is of steady temperature and pressure
throughout the avallable test time, The
major limitation of the shock tunnel is the
time duration of the flow at these high
temperatures and pressures. Under certain
operating conditions, the shock tunnel
facility provides a maximum of ~17 ms of
useful test time. This time can be
shortened if the conditions of the tunnel
are not in the ‘tailored!' operating
regimel3, fTailoring of the shock tunnel
conditions is commonly used in shock tube
studies and deals with minimizing the
interaction of the reflected shock wave with
the contact surface (the interface between
the driver and driven gases). If the
internal energlies of the driver and driven
gases are equal across the contact surface,
the reflected shock will pass through the
contact surface without creating any
additional disturbances other than a Mach
wave., If they are not equal, the
interaction results in either an expansion
wave or shock wave which is reflected back
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toward the test section. The arrival of
this disturbance created by the interaction
at the contact surface prematurely ends the
test time. For the shock tunnel used in
thls study, tailored conditions were
obtained when the incident shock wave had a
Mach number of ~3.72.

Through control of the areas open to
the flow on both the upstream perforated
plate and downstream nozzle, the initial
driver gas to driven gas pressure ratlo and
the initial pressure in the driven section,
the shock tunnel is capable of producing a
wide range of test conditions: pressures of
1.03 to 4.14 MPa, temperatures of 950 to
1500 K, and velocitles of 80 to 250 m/s. As
described earlier, the above conditions
have, in certain cases, very short available
test times depending on the deviation from
the tailored regime.

Diagnostics for ignition tests are
highlighted 4in Fig. 1, Three Kistler 601Bl
pressure transducers located along the
driven section of the tunnel detect the
arrival of the shock wave at fixed locations
and are used to measure the speed of the
incident shock wave. Another Kistler
601B122 pressure transducer is located in
the test section, 1.91 em (0.75 in.)
upstream of the sample, as can be seen in
Fig. 2, This transducer provides test
section pressure information. To determine
ignition delay, five RCA 1P28
photomultiplier tubes are used remotely via
fiber optic tubes which are mounted on the
top window of the test section (see Fig, 2).
Filters are used to reduce the observed
range of wavelengths to the near ultraviolet
centered around 3700 A, High-speed
visualization of the event is accomplished
through the twe side windows. Usually a
Kodak Spin Physics SP2000 high-speed video
system is used with backlighting of the
sample, but tests have been run under more
complicated shadowgraph and schlieren
conditions with the SP2000 video system. In
addition, a Redlake Hycam high-speed 16 mm
movie camera with a higher frame rate has
been used for a very limited number of
tests,

Separate tests are carried out to measure
gas temperature and flow velocity, To
determine gas temperature, one of the side
ports is used to mount a shielded K-type
total-temperature thermocouple probe in the
center of the test section. The velocity of
the flow was determined using an LDV system.

Test Sample

The propellant used for this study was
XM-39 (Lot #A5-1184-113) which contalns a
significant amount of RDX. The grain
geometry is cylindrical in shape with a
nominal diameter of 7 mm and length af 7.5
mm, There are sample variations; the size
{length and diameter) varied from grain to
grain, the shape of individual samples was
not highly uniform (not a perfect cylinder)
and the surface was pitted and graphite
coated. In order to try and maintain
uniformity in the tests, each sample was
carefully prepared. This was done in such a
way as to minimize any damage to the grain
surface. The length was trimmed to a
constant 7.4 mm, the graphite coating was
removed, and the surface was polished until
it was visually smooth.

The sample was mounted in the test
section so the induced flow was
perpendicular to the length of the grain.
This relatively simple grain/flow gecmetry
is used to gain a more fundamental
understanding of the underlying ignition
mechanisms of the propellant. Mounting of
the sample in the test section was
accomplished by drilling a hole along the
center axis of the cylindrical sample. A
stainless steel rod is inserted through this
hele and attached to end holders. The
difference between the width of the test
section, 2.86 cm, and the length of the
sample, 0,74 cm, was occupled by inert
spacers on either side so the flow would
'see' essentlally one long cylinder
stretching across the entire test section.
Thils was done to remove any possible end
effects from the test,



Resgults
Calibration Tests

To obtain the gas-phase temperature and
velocity of the convective stream within the
test sectlon, two sets of calibration tests
were carried out, For the first set of
tests, the Mach number of the incldent shock
wave, test section pressure and gas-phase
temperature were measured and correlated.

In the second set of tests, the gas velocity
was measured and correlated to the incident
shock wave Mach number and test section
pressure, Using these correlations, the
temperature and velocity of the flow in the
test section can be deduced with reasonable
accuracy 1f the incildent shock wave Mach
number and test section pressure are known,
Transport propertles and gas density were
determined using deduced gas temperature and
measured pressure values.

Two series of tests have been carried out
with the XM-39 propellant, The first set of
tests was done usging nitrogen as the test
gas. There was no ignition detected for any
of these tests by elther the video or by the
photomultiplier tubes. The second set of
tests was carried out using air as the test
gas. The conditlons for these tests are
given in Table I. This table lists the
incident shock wave Mach number, measured
test section pressure, temperature and Mach
number, Reynolds number, Prandtl number, and
Nusselt number. The ignition delay time
{tip) and dimensionless ignition delay
{t*rp} defined as typ/{D/V) are also listed.
The nondimensionalization is accomplished
using a residence time based on the diameter
of the sample and the velocity of the flow.
The Wusselt number 16 is calculated using
the following formula for flow over a
cylinder:

Nu = .027 Re-805 pr.333 {13 5

In many cases, emlssion of light from the
sample was observed on the high-speed video
record of the transient start-up time.
During this start-up time, the shock wave
arrives at the test section and heating
rates are highest. However, this
'transient' ignition was not always able to
sustain burning for the entire test time
because the heating rates would decrease
with the onset of the quasi-steady flow
through the test section. The sample, once
quenched, would usuwally, but not always,
reignite later during the steady-state
convective heating period and sustain
burning until the end of the test time. It
is this second ignition point which has been
labeled the ignition delay time{tip}. The
ignition delay was determined through
analysis of both the photomultiplier output
(100,000 data points per second) and the
high-speed video pictures {6,000 pictures
per second} .

The ignition sequence was very similiar
for all of the tests in which lignitlon was
observed, To better illustrate the observed

phencmena, the data and film obtained from
Test Nos, 155 and 157 1s described in detail
below.

The pressure transducer output versus
time for Test 155 is presented in Fig. 3.
The trace can be divided Into two sections.
The 'transient starting time' begins with
the arrival of the incident shock wave.
Interaction of the incident wave with the
sample and nozzles leads to pressure i
osclllations and turbulent flow condlitions
around the sample, Heat flux to the
propellant can be over twice as large as
that seen during the 'steady-state' period.
The 'steady-state test time' begins after
about three or four milliseconds. The test
section pressure during this time does not
oscillate but does increase from a minimum
value of 1.45 MPa to a maximum value of 2.00
MPa. This corresponds to a 27% increase in
pressure over the duration of the test.
This, unfortunately, is unavoidable so an
average pressure value is used in all
calculations and in the presentation of the
results. Although undesirable, the pressure
value during the majority of the test can be
considered quasi-steady with tolerable
pressure varlation.

The output of the RCA 1P28 photo-
multiplier tube which first registered
ignition i3 shown in Fig, 4, The large
initial deflection in the traces corresponds
to the arrival of the incident shock wave in
the test section {time = 0). The deflection
of the photomultiplier signal due to the
onset of sustalned ignition of the sample isg
seen at 10.835 ms (typ). The rarefaction
wave arrives at the test section after
~17.82 ms {see Fig. 3}). The intensity of
light from the burning sample is altered
slightly at this time but the sample does
not fully extinguish until 19.650 ms after
the first detection of pressure rise in the
test section,

Still photographs obtained from the high-
speed video for Test 155 are shown in Fig.
5. Backllghting of the sample was used and
the convective stream is moving from right
to left. To provide some initial perspec-
tive, Fig. 5a 13 a pretest picture of the
sample In the test section. The arrival of
the shock wave i3 so bright that the video
system saturates and is therefore not shown
but this would correspond to time t=0.
Thereafter the sample appears as seen in
Fig. Sa until visible light can be seen on
the top surface at time, t = 11,167 ms (Fig.
5b). Any light generated on the bottom of
the sample would be hidden by the sample
supports. The more sensitive photo-
multiplier tube detected ignition much
earlier at 10.835 ms. 1In Fig. 5¢,
corresponding to t = 11.500 ms, the reaction
has propagated downstream and grown in
intensity and can now be seen on the lower
half of the sample. Subsequent frames show
increasing light emission from the wake
region of the sample until eventually the
burning spreads over the entire downstream
surface at time t = 13.334 ms (Figs. 5d to
50). Once the reaction has covered the



TABLE I: Summary of Test Conditions and Results for XM=-39 Solid Propellant in Air
Test Section

Test Shock Pressure Temperature Reynolds Prandtl Nusselt Mach tip

No Mach No {MPa} (K} Numbex  Numher HNumber MNumber (ms)___t*yp
050 3.88 4.16 1420 75942 0.699 203.4 0.070 0.00 " 0.00
051 3,81 1.87 1387 51285 0.705 148,7 0.101 7.33 76.8
052 3.76 1.93 1363 50654 0.709 147.5 0.095 5.50 53.6
053 3.87 1.90 1415 50538 0.700 147.2 0.101 7.27 78.9
055 3.85 1,90 1406 47723 0.702 140.1 0.095 9.41 93.5
058 3.87 3.02 1415 64032 0.700 177.4 0.082 1.50 13.2
059 3.97 ) 7] 1462 59386 0.692 166.3 0.084 3,17 28.0
060 B9 2.70 1377 62976 0.707 175.6 0.086 2.82 25.0
061 3.78 2.70 1373 63293 0.707 176.3 008061 307 27
062 3.64 2.30 1307 58462 0.718 166.2 0.086 S5.64 50.0
063 3 .98 2.50 1443 55985 0.695 158.8 0.087 5.17 48.0
064 3.70 2.29 1335 56720 0.713 161.9 0.088 3.64 32.56
065 3.80 2.07 1429 48720 0.698 142.2 0.090 8.59 83.7
067 3.60 ol 7 1268 49072 0.720 144.5 0.096 14.55 138.7
068 3.58 2.63 1279 66190 0.721 184.0 0.086 5.33 45.6
147 3.98 137 1467 40783 0.691 122.8 0.091 8.28 - 81.2
148 3.37 24:.23 1181 64846 0.728 181.6 0.090 16.15 138.0
150 3.96 2.05 1457 46622 0.693 136.9 0.089 6.63 62.0
152 3.78 1.99 1373 48711 0.707 142.8 0.090 14.38 131.9%
153 3.60 2.04 1288 53013 0.720 153.8 0.091 14.65 135.6
154 3.42 2.08 1204 60649 0.728 172.0 0.093- 16.01 141.7
155 3.90 17719 1429 41930 0.698 126.0 0.092. 10.84 107.3
156 3.5 2,06 1356 51267 0.710 126.8 0.092 ™10.07 96.8
157 SN 1.76 1421 42282 0.697 149.0 0.090 7.47 69.2

downstream region of the sample it burns in
essentially a steady-state fashion (Fig. 5p)
until the end of the test time. The sample
does continue to react for several milli-
seconds after the pressure drop at 17.82 ms
caused by the arrival of the rarefaction
wave as shown in Fig. 3. This i3 of interest
since it shows the attainment of self-
sustained ignition.

In order to better analyze the phenomena
seen in Test 155, closeup videc was taken of
Tests 156 and 157. The still photographs
from Test 157 are shown in Fig, 6. Of
particular interest is the region of the
initial location of the emitted light and
the subsequant spreading of the reaction,
Fig. 6a shows first visible light in a
region 95° to 100° from the leading edge of
the cylinder. In Fig, 6b the reaction
propagates forward nearly reaching the top
of the sample (90° from the leading edge)
while it grows in intensity. In subsequant
frames the reaction zone moves forward and
recedes in an e¢scillatory fashion (Figs. 6¢
to 6f). The reaction settles into a steady-
state position near the top of the sample
(Figs. 6g and 6h). In Fig. 61 the reaction
can be seen propagating towards the rear
surface of the sample. Following this the
reaction dies out and the test ends.

Because of the change in optical path to the
camera, more light is apparently required by
the closeup pictures and therefore the
intensity of the reaction as seen in Fig, 5
is not as apparent.. For test 156, which was
run at higher pressure, the luminous region
of the flame propagated further past the top
of the sample toward the front stagnation
point and the steady-state position of the

flame was at the 90° point.

Microscopic analysis of propellant
following the tests was carried out to
examine what effect the burning {(or lack of
burning} had on the sample surface Under
50X magnification, it was quite evident that
a liquid or 'melt' layer had formed on the
sample surface {Fig, 7). At the front
stagnation point, the surface is slightly
pitted and many small particles from the
shock tunnel burst diaphragm become imbedded
in the 'melt' layer (pos. 1). Between 30°
and 45° from the leading edge, small wave
formations appear on the surface (Fig 7a).
These wave formations have very small length
scales which grow as one travels toward the
location 90° from the leading edge (fig.
7b). Just beyond the 90° point, there is a
large agglomeration of liquid on the surface
(Fig. 7¢). The position of this liquid
formation coincides very well with the
location of first reaction as seen on the
video. A second agglomeration which is
slightly smaller than the one at ~95° can be
gseen at ~105° from the leading edge (pos.
5). The back surface and rear stagnation
point of the sample is fairly smooth and
free of particles {(pos. 6 and 7). The only
easily distinguighable difference between
the burned and unburned samples is the
coloring. Burned samples exhibit a darker
shade of yellow/white (particularly on the
downstream side of the sample and at the
agglomeration points) while the unburned
samples are more close to the original
white, Unfortunately this cannot be seen in
the photographs because of the lighting
used,
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Discussion

A goal of this project is to examine
possible correlations between the ignition
delay time and nondimensional parameters
involved in the convective ignition process.
Previously, a correlation based on an
average Nusselt number was attempted.17
Presented here is an improved correlation of
dimensionless ignition delay (t*1p) as a
function of a dimensionless heat transfer
rate (Q*) with the influence of free-stream

temperature. Q* is defined as:
(T..- 480 K)
Q*=Nu—zg

(2).

The value of 480 K was chosen as a surface
temperature because it is close to the
melting or liquefaction temperature for RDX
quoted in much of the literature.? The
correlation is shown plotted in Fig 8,

For the data taken at relatively high
values of Q*, ignition took place during the
'transient start-up time' or followed this
time very closely. The equation of the
correlation for these data points is:

tp=2630-0440Q° 5,

As the value of Q* is reduced, ignition
would occur much later during the test., The
equation for the bhest fit of this data is:

ty=799.6- 1611 Q" ().

The dashed line on the plot represents the
95% confidence ranges for convective
ignition. As was expected, and further
validated by the slope break in the
correlation, the ignition characteristics of
the propellant during the start-up of the
test are significantly different from those
observed during the steady-state or quasi-
steady test time.

During the start-up time, heat flux to
the sample 1s very large because of incident
shock wave interactions, flow reversals and
turbulent flow conditions around the sample.
Because of these complexities, interpret-
ation of data obtalned during this highly
transient perilod is very difficult.
Fortunately, this period of time is very
brief and the thermal profile in the sample
is quite thin. When the high heat flux
period ends, the thermal profille can adjust
quickly to the new ambient heating
conditions. For self-sustained ignition to
occur, the heat feedback from the reaction
zones must be able to maintain the the
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b. Wave patterns on sample surface (pos. 3)

c. Agglomeration of liquid (pos. 4}
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Figure 7: Microscopic photographs of sampie surtace (Test No. 147)

thermal energy input into the sample when
the external heat source is lowered.

Once the steady-state test period has
begun, the flow approaching the sample is
laminar and the heat flux is much lower than
in the initial transient period. The
existence of uniform free-stream, conditions
which can be determined, provide a means of
properly analyzing the data, From the
correlation presented in Fig. 8, it 1is wvery
obvious which samples were ignited by the
high heating rates during the transient
start-up time (Egn. 3) and which were
ignited by the uniform conditions of the
nearly steady-state portion of the test
{Egqn. 4).

The mechanism by which nitramine
propellants ignite when subjected to
crogssflow heating conditions is very
complex. There are three phases involved
and the nature of each is not well
understood. The liquid layer observed on
the propellant surface could simply be
melted ingrediants of solid propellant or it
could be a source of reacting material which
is important to the ignition process., From

the literature this 'melting' has been
observed many times but the actual com-
position of it is still open to argument,
Discussed in the following paragraphs are
several important characteristics which have
been observed and are important to the
ignition process,

The geometry of the sample allows
examination of different flow regimes. Each
of these regimes, numbered in Fig. 7, will
be discussed separately. Position 1
corresponds to the stagnation point on the
sample. At this point heatinag to the solid
surface is relatively high compared to the
remainder of the sample. Liquefaction and
generatlon of gaseous pyrolysis products
probably occurs in this region. Both the
liquid and gases generated are carried into
region 2 which includes laminar boundary
layer development and the beginning of the
transition region. Gas-phase reactions and
possibly liquid-phase reactions could occur
with heat feedback which generates more
reactions within the two-film boundary layer
and causing more liquefaction of the solid
sample. Possibly important to this process
is the amount of freestream oxidizer which
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is entrained in the gaseous boundary layer.

Boundary layer transition to turbulence
begins around position 3; the transition
could be facilitated by the accumulation of
liquid 'in the melt layer. Wave patterns on
the recovered sample indicate the flow of
liquid toward position 4. At position 4,
the gaseous boundary layer separates. Upon
separation, a small recirculation zone is
formed in both the liguid and gaseous
boundary layers. Experimental evidence
suggests the flow of material from the front
of the sample and reverse flow from the rear
of the sample {position 5) increase the
liquid layer thickness near the small
recirculation zone. This growth of both
boundary layers leads to the agglomeration
of the liquid layer seen in Fig. 7c. The
recirculation zones have high residence
times and enough mixing of freestream
oxidizer and pyrolysis products to generate
ignition. It is believed that reactions
between gaseous pyrolysis products generated
at the front and rear surfaces of the sample
react with freestream oxidizer in the
gaseous recirculation zone. Heat feedback
to the liquid and solld layers generates
further pyrolysis gases which subsequantly
react until thermal runaway occurs and the
sample ignites. The exact nature of the
liquid layer and its role in the ignition
process ls unknown but 1t should not be
ignored in the comprehensive underxstanding
of the problem.

On the rear surface of the sample,
positions 6 and 7, large recirculation zones
create a stagnation point and laminar
boundary layer which generate pyrolysis
products and supply additional reactant
species to the reaction zone. The
interaction of the large recirculation zone
with the small one is at position 5. HNear
this position another agglomeration of
liquid is formed. The gaseous products
generated along the rear surface contribute
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to the ignition and combustion processes.
As perceived from this study, the overall
physical and chemical processes involved in
convective ignition of a c¢cylindrical XM-39%
solid propellant grain is depicted in Fig.

Conclusions

The following conclusions about the
convective ignition of XM-39 propellant can
be reached based on the results obtained and
discussed above:

1. Convective ignition and flame spreading
phenomena of XM-39 solid propellant has
been successfully observed using a shock
tunnel facility.

From observation, the sample surface can
reach ignition due to incident and
reflected shock wave heating during the
transient start-up time of the test.
The heating is very intense but very
short in duration. However, if the
thermal profile during this period is
too thin to achieve self-sustained
ignition, subsequant ignition could
occur during the nearly steady-state
operating time.

3. Microscopic analysis of recovered
propellant samples shows the formation
of a liquid layer. The composition of
this liquid and it importance to the
ignition process is still unkown and
should be studied further,

Sustained convective ignition occurs in
the region near the separation point of
the boundary layer. Gas phase reactions
in the ignition process of XM-39
propellant are important. Without
freestream oxygen no ignition was
observed.

During the test in which ignition was
observed, the flame propagates from the
shoulder region to the rear stagnation
point. The sample acts as a flame
holder; in the wake region the local

5.
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flow velocity is reduced and the flame
can sustain.

The luminous flame mostly remained on
the downstream side of the sample in the
recirulating wake, However, as the test
chamber pressure was increased, the
luminous flame could propagate upstream
toward shoulder region of the sample.
This 1s bellieved to be an effect of the
higher heating rates to the front of the
sample caused by the higher pressures,

A correlation between the dimensionless
ignition delay time and a dimensionless
heat transfer rate has been found.
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CONVECTIVE IGNITION OF LOVA PROPELLANTS*

S5.J. Ritchie#, W.H., Hsieh$§, and K,K. Kuot
Oepartment of Mechanical Enginearing
The Pennsylvania State University
University Park, PA 16802

ABSTRACT

Crossflow convective ignition tests of ROX-based LOVA solld propellant were carried out
in alr and nitrogen using a shock tunnel facility, Test conditions were in the range of
pressure: 1,38 - 3,45 MPa (200 - 500 psia), temperature: 1100 - 1500 K (1980 - 270Q0°R) and
flow velocity: 60 - 150 m/s (197 - 492 ft/s), Under these conditions, ignition was observed
at or very near the sample surface in the region just beyond the gaseous boundary layer
separation point only when oxldizer was present in the freestream flow, Ignitlen delay time,
determined using a multi-channel photomultiplier tube detection system, was correlated to a
dimensionless convective heat flux calculated using the flow conditions over the test sample.
Post-test microscopic analysis of samples indicated the formation of an apparent liquid layer
on the sample surface which grows in thickness near the flow separation location. The
existence of numerous near=-circular, crater-like holes was detected using scanning electron
microscopy. The rims of these holes exhibit surface reactions and phase changes. The
physlcal interactions between the flow and the test sample are discussed in detail to provide
insight into the complex lgnition process., Overall, the ignition mechanlsm is believed to be
gas-phase in nature rather than a surface reaction mechanism.

INTROQUCTION

Of interest, in recent years, are solid propellant formulatlions based on nitramine
ingrediants such as ROX and HMX, These materials display high thermal stabllity and low
sensitivity to..ballistic vulnerability making them ideal candidates for low vulnerability
ammunition (LOVA) propellants, Related to the LOVA characteristic of nltramine-based
propellants, ls the problem of achleving consistent ignition when it 1ls desired. An under-
standing of the complex physlcochemical processes which characterize the lgnition transient
is necessary 1f safe, rellable igniters are to be designed for propulsion systems which use
these propellant types,

The purpose of this paper ls to present the experimental results of an lgnition study on
ROX-based LOVA solid propellants when subjected to convectlve heating by a uniform high temp-
erature, high pressure gas stream. The test geometry is a solld propellant cylinder
subjected to perpendicular crossflow. Although laser radiative tests provide greater contrel
over heat flux input and other parameters such as amblent pressure, the ceonvective ignitien
test ls more closely related to the actual ignition process used ln many qun systems where
propellant ignition 1s obtalned via hot gases from the igniter, It is hoped the fundamental
information gathered from thls study of the complex lgnitleon processes in a relatlvely simple
flow field can be later used to better understand and predict the ignltion response of ROX-
based propellant in more practical combustion or propulsion scenarics. Background
information on nitramine propellant ignition and combustion applicable to this program can be

found in earlier papers by Ritchle et a1,l.2

The experimental objectlives are to (1) visually examine the convective ignition
phenomenon and subsequant flame spreading of RDX-based XM-39 propellant using high-speed
video photeography, (2) measure ignition delay (based on light emission from the sample) and
examine possible correlatlons to convective flow parameters and (3) microscopically examine
recovered propellant samples to determine the heating and burning effects on sample surfaces,
The goal of this paper ls to use the above observations and data to identify important

*This work was performed under Contract Number DAALQ3-87-K=-0064 under the sponsorship of the
Army Research Office, Research Trlangle Park, North Caroclina. The program manager is Or,
David Hann. His support of this research is greatly appreclated,

#Ph, O, Candidate

§Assistant Professor

tCistinguished Professor

Approved for public release, distribution is unlimited.
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processes lavolved ian the ignltlon of XM-39 LOVA propellant, This lnsight will provide
guldelines for eventual theoretlcal model development.

METHOD OF APPROACH

SHOCK TUNNEL/CONVECTIVE IGNITION TEST FACILITY

A more detaliled discussion of the shock tunnel facillty can be found in Rltchie et
al,l:2, Birk3, Kashiwagid. Very brlefly, the shock tunnel 1s used to create a reservolr of
high-temperature, high-pressure gas whlch, in turn, induces a flow through the test sectlon
and across the sample. The test sectlon, a cross-sectlon slde view 1s shown in Fig, 1, is a
2.86 cm % 2.86 cm (1,125 in, % 1,125 in.) square duct. Quartz windows located on the top and
sides of the test section (slde windows not shown ln the flgure) provide optical access.
Perforated plates are located at both the upstream entrance and downstream exit. The
downstream exlt plate acts as a nozzle which chokes the flow and controls the gas velocity
through the test sectlon. The upstream perforated plate ls used to damp out initial pressure
osclllations caused by the lnteraction of the lncldent shock wave with the sample and to
protect the test sample from large pleces of burst dlaphragm debris.
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rFlgure l: Cross-sectional slde view of test section

Through control of the areas open to the flow on both the upstream perforated plate and
downstream nozzle, the inltlal driver gas to drlven gas pressure ratlo and the initial
pressure ia the drlven sectlon, the shock tunnel ls capable of producling a wide range of test
condltions: pressures of 1.03 - 4,14 MPa (150 - 600 psla), temperatures of %50 - 1500 K
{1710 - 2700 °R), and velocltles of 60 - 250 m/s (197 - 820 ft/s). These values were
measured in separate calibration tests using an LDV system and a shlelded thermocouple., The
major limitation of the shock tunnel facllity ls the test time avallable. The maximum time
avallable s ~18 ms but for most flow conditlons the lgnitlon delay time ls much shorter,

Diagnostlecs for lgnitlon tests lnclude: pressure transducers along the shock tunnel
driven section to detect the shock wave arrival at fixed locatlons from which the incldent
shock wave speed ls deduced, a pressure transducer located ln the test section upstream of
the sample (see Fig. 1}, and five flltered RCA 1P28 photomultipller tubes which measure light
Intensity in the near ultravlolet centered around 0.3700 pm are used remotely via flber optle
tubes (see Flg. 1) to measure ignition delay. Hlgh-speed visuallzation is accomplished
through side windows uslng a high-speed Kodak Spln Physics SP2000 video system with
backlightling of the sample,

IEST_SAMPLE

The propellant used for thls study was XM-39 (Lot #A5-1184-113) which contalns a
signiflcant amount of RDX. The graln geometry is cylindrical in shape with a nominal
diameter of 0.7 em (.275 1n.,) and length of 0.74 cm (.291 in.). The condition of the samples
was not unlform for all tests: the dlameter was not constant from gralm to graln, the shape
of lndividual samples was never a perfect cylinder and the surface was pitted and graphlte



coated, In order to try and maintaln more uniformity ln the tests, each propellant grain was
trimmed te a constant length of 0.74 em (.291 in.), the graphite coatlng was removed, and the
surface was polished until it was vlsually smooth.

The sample was mounted ln the test section with the induced flow perpendicular to the
length of the grain, Mounting was accomplished by drilling a hole along the center axis of
the cylindrical sample, A stainless steel rod is inserted through this hole and attached to
end holders., The difference between the test section width , 2.86 cm (1.125 in.), and the
sample length is occupled by inert spacers on both sides so the flow would ‘see' essentially
one long cylinder stretching across the entire test section, This was done to try and
minimize end burning effects from the test.

RESULTS

Twe sets of tests have been carried out with XM-39 LOVA propellant, The flrst used
nitrogen as the test gas in the low velocity range of the shock tunnel, ~65 m/s (213 ft/s),
No ignition or luminous flame was detected for these tests by either the video or the
photomultiplier tubes. The second set was carried out in the same velocity range uslng air
as the test gas. The condltions for the second set of tests is glven Iln Table I. This table
lists the incident shock wave Mach number, measured test section pressure, temperature, Mach
number, Reynolds number, Prandtl number, Nusselt number, ignition delay time (tip} and
dimensiconless ignition delay {t*rp). t*ip is defined as typ/{D/V); it represents the ratlo
of lgnition delay time teo the flow residence tlme based on the sample dlameter and the

approach velocity. .The Nusselt number? is calculated using the following formula for flow
over a cylinder:

31

Nu =.027 Rep Pr -

In many cases, light emisslon from the sample was detected very early (< 3 ms) during the
shock tunnel transient start-up time. Durlng this start-up tilme, the shock wave arrlves at
the test section and heating rates are highest. However, this 'transient' lgnition was not
always able to sustain burning for the entire test time because the heating rates decrease
sharply wlth the onset of the gquasl-steady flow through the test section. The sample, once
quenched, would usually, but not always, relgnite later during the steady-state convective
heating period and sustain burning until the end of the test time, It is this second
ignition point which has been labeled the ignition delay time(tID), The lgnition delay was
determined through analysls of both the photomultiplier tube output (100,000 data pelnts per
second) and the high-speed video plctures (6,000 plctures per second),

The sequence of events was very similiar for all tests in which ignition was observed.

These observations have been well documented previouslyl'2 so onlys a brlef description is
given here, Figure 2 contains pressure vs. time (Flg., 2a) and photomuyltiplier tube ocutput
vs. time (Fig. 2b) plots as well as photographs taken from the high speed video showinq the
location where first visible light is observed (Fig. 2¢).

The pressure-time trace can be divided inteo twe sections. The 'transient starting time®
begins with the incident shock wave arrival. Interaction of the lincident wave with the
sample and nozzles leads to pressure oscillations and turbulent flow conditions around the
sample, In the subsequant ‘quasi-steady test time', the pressure does not oscillate but
slowly increases from a minimum value of 1.45 MPa (210 psia) to a maximum value of 2,00 MPa
{290 psia). This corresponds to a 27% increase in pressure over the test duratioen., This
variation, unfortunately, is unaveidable sc an average pressure value ls used in all
calculations and in the presentation of results, Although undesirable, the pressure value
during the majority of the test can be considered quasi-steady with tolerable variatlions.

The large initial deflection in the photomultlplier trace corresponds to the incident
shock wave arrival in the test sectlon (time = 0). The deflection in the photemultiplier
signal due to the cnset of sustained ignitien is seen at 10,835 ms (tyip). The rarefaction
wave arrives at the test section after ~17.82 ms. The light intensity from the burning is
altered slightly at this time but the sample does not completely extinguish until 19.650 ms
after the first pressure rise in the test section,



TABLE I: Summary of Test Conditions and Results for XM-39 So0lid Propellant in Air

Data Set Two
Teat Section
Test 5Shock Pressure Temperature Reynolds Prandtl HNusselt Mach tID L*ID
~HNo Mach No, MPa (psial (K} (R} Number _ Number _ Number Number  {ms) _ {=1
G050 3.88 3.79 (550) 1420 (2556} 71441 0.699 193.5 0.071 0.00 0.00
051 3.81 1.72 (250} 1385 (2493} 43376 0,705 129,9 0.094 i3 76.8

053 3.87 1,72 {250} 1415 (2547} 41506 0.700 125.1 0.0%4 7.27 8.9
0355 3.85 1.59 (230} 1405 (2529) 40004 0.702 121.6 0.096 9.41 93.5
056 3.92 1.64 (238) 1440 (2592) 39698 0.696 120.4 0,095 None £

058 3.87 2,78 (403} 1415 (2547) 59061. 0.700 166.2 0.082 1.50 13.2

059 31,497 2.56 (371} 1460 (2628) 548717 0.692 153.7 0.084 3.17 28.0
060 3.7%  2.49 (381) 1375 (2475) 58122 G.707 164.6 0.08¢6 2.82 25.0
061 3.78  2.49 (361} 1375 (2475} 59058 ¢.707 166.8 0.086 1 27
062 3.64 2,349 (3490} 1305 (2349 59667 0.718 168.9 0.088 5.64 50.0
063 3.93 2.32 (337} 1445 (2601) 51066 0.695 147.5 0.087 5.17 48.0
064 3.70 2,34 (340} 1335 (2403 58309 0.713 165.4 0,089 3.64 32,6
065 3.9  2.03 (294} 1430 (2574} 45987 0.698 135.7 ¢.080 §.59 83.7
066 3.41 2,32 (337) 1200 {2160) 65898 0.728 184.0. 0.091 11.46 100.6
067 3.60 1.79 (260} 1270 (2286} 48929 0.720 144.1 0.094 14.55 138.7
068 3.58 2,65 (385) 1280 (2304} 631175 0.721 183.1 0.085 5.33 45,6
145 3.80 1.03 (150} 1340 (2412} 29805 0,712 96.6 0,103 Nene -

146 gk, 75 1,86 (270} 1360 (2448} 48305 0.710 142.0 0.093 None ==

147 3.98 1.86 (270) 1465 (2637} 42716 0,691 127.5 0,091 6.28 54.4
148 3.37 2.41 (349) 1180 (2124} 69814 0,728 192.7 0.090 13.59 115.9
149 4.02 1,31 (190} 1435 (2583} 33664 0.6%7 105.6 0,099 Nene -

150 3.96 2.13 (309 1455 (2619 48587 0.693 141.6 0.089 4.91 46.0
151 3.86 2.13 (309 1410 (2538} s0089 0.701 145.6 0.089 3.87 35.9
153 3.60 2.13 (309} 1290 (2322} 55726 0,720 160.0 0,091 13.04 121.9
154 3.42 2.13 (30%) 1205 (2169) 62743 0.728 176.9 0.083 15.4¢0 137.8
156 3.91 1.86 {270} 1430 {2574} 45019 0.697 133.4 0.092 8.61 83.0
157 3.75 2.13 (309) 1355 (2439) 53424 0.710 154.0 0.090 7.30 67,

158 3,93 2.41 (349) 1445 (2601} 53525 0.695 153.2 0.086 3.06 28,

6
ot
159 3,81 2,41 (349%) 1385 (2493) 55852 0.705 15%.5 0.087 5.30 48.1
160 3.5 2.41 (349) 1360 (2448} 57511 ¢.710 163.4 0.087 6.83 60.3
16l 3.60 2,41 (349) 1290 {2322 61592 c.720 15335 c.088 12,07 165.0
162 3.40  2.41 (349) 1195 (2151} 67442 c.728 187.5 0.090 15.52 134.3
163 3,79 1.86 (270) 1375 (2475} 46963 0.707 138.7 0,093 10.55 100.6 -
164 3.58 1.86 (270} 1280 (2304) 51827 0.721  151.1 0.095 15.61 147.1
165 4,22 1.59 (230} 1565 (2817) 35472 0.685 131.9 0,085 7.41 75.2
166 3.74 1,59 (230} 1355 (2439) 40808 0.710 127.8 0.09%6 12.66 124.2

Shown in the high speed images are, the propellant sample at three different times: (1)
prior to the test (t=0-}, (2} after a luminous reglon 1s first observed at a location
approximately + 90° from the leading edge (t=11.334 ms}, and (3) after flame spreading has
covered the downatream surface (t=13,334 ms}. The convective stream Ls moving from right to
left in all pictures.

Photographs from an optical microscopic study (magnification = 50X} of a recovered
propallant sample are shown in Flg, 3. A detalled description of each photograph is given
due to the limited resolution of the reproduction, At the front stagnation polnt, position
A, the surface ls slightly pltted and many small particles from the shock tunnel burst
dlaphragm are imbedded in the surface layer. Between 30° and 45° from the leading edge at
location B, small wave formatlons appear on the surface indicating the formation of a liquid
'‘melt' layer. The wave formations could be created by bubble formation and the complex flow
structure on the propellant surface or it could be due to the exlstence of some freestream
turbulence generated by the upstream perforated plate. These wave formations grow 1ln size
between 45° and 9%0° from the leading edge at location €, Just beyond the 90° point at region
D, there is a large liquid agglomeration on the surface. The position of this liquid
formatlon coincides very closely to the first reaction location as seen on the video.
Although it 1s not easlly discernible in the photographs, there are many bubbles entrained
within this agglomeration. A second agglomeration which is slightly smaller than the cne at
~95% can be seen at ~105° from the leading edge in region E. The back surface (region F) and
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Figure 2a: Typical test section pressure Flgure 2b: Typlcal test section photo=-
versus time trace (Test 153), multiplier tube output versus

time trace (Test 15%).

t = 0= t =11.167 ms t = 13,334 ms

Figure 2¢: High-speed video images from a typlcal convective ignition
test firing (Test 155}

rear stagnatlon point {(region G) are simlliar to the front surface only free of particles and
shock tunnel debrls. The only easily distinguishable difference between the burned and
unburned samples i1s the coloring., Burned samples exhibit a darker shade of yellow/white
{particularly on the downstream side and at the agglomeration points) while the unburned
samples more closely resemble the original white coloring of the propellant. Unfortunately
this is only distingulishable under actual viewing conditlons and is not clearly visible in
the photographic representation.

A scanning electron microséope {SEM) was used to examine the sample surface under even
higher magnificatlon, These photographs are shown in Fig. 4, The first two plctures show a
pretest propellant surface (Flg., 4a and 4b). The surface, although it had been pollshed, ls
actually quite rough when examined under very high magnification {(1600X). The next serles of
photographs are of a sample which has ignited under convective heating conditions. The
letter assoclated with each photograph corresponds to the general area highlighted in Fig. 3.
Note: the area covered by the photograph does not correspond to the area of the square box
on the top view of the sample in Flg, 3 and the magnification used for each photograph ls not
the same, The magnification was chosen to highlight particular structures on the sample
surface,

Flgures 4¢ shows the front stagnation reglon A. The surface in this reglon, and over the
entire propellant surface, is very rough with many rice-llke structures which have an
approximate diameter of 4 pm. Scattered randomly about this reglon are small circular holes,
often appearing in small groups, Further along the 'sample, in region B, the surface appears
similiar to the stagnation reglon (see Flg 4d). However, the surface structures are less
independent and appear to have agglomerated into larger clumps. There are still holes in the
surface but these do not appear as frequently as in the front stagnation zona.
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Figure 3: Photographs of magnifled post-test propellant surface (mag.=50X)



At position D, where the large agglomeration forms on the sample surface, Fig. 4e clearly
shows a change in the surface structure, At the ridge of the agglomeration the individual
rice-like shapes have become very closely grouped and have apparently 'melted! together.
Again there are clrcular holes located In close proximity to the rldge reglon but not in
large quantities. Just downstream from the agglomeraticen reglen, near E, there is a very
densely packed, large number of circular hcles (see Fig. 4f). 3ome of these holes display a
whitish edge indicating a change in the physical nature of the material preobably due to phase
changes and chemical reactlons., The structure of these crater-iike holes was examined under
even greater magnificatien (l600X) and is shown in Flg, 5. Further aleng the sample in
reglon F and at the rear stagnation polnt G, the surface has the same description as the
leading edge locations, A and B.

DISCUSSION

IGNITION DELAY CORRELATION

One of the major objectives was to find a correlation betwean the lgnitlon delay time for
XM-39 LOVA propellant and the freestream flow parameters! pressure, temperature and velocity,
If the chemlsty is relatively fast, the ignition delay should depend almost entirely on the
heat-up for the sclid material and a correlation based on the heat flux lnte an inert
cylinder should provide reascnable results, This analysis is very simillar to that used in
presenting data from radiative ignition tests. The average nondimensional heat flux term
{Q*) was calculated using the following formula:

i [('r_ - 480 K)] [('r.+ 480 K)]'/z

T 2T

The flrst term is the average Nusselt number calculated using Eq. (1), The second term
compensates for the temperature difference between the propellant surface and the freestream
flow. The third term accounts for changes In the conductivity of air at the film
temperature, The value of 480 K was chosen as a surface temperature because it is close to

the melting or liquefaction temperature for RDX quoted in the titerature®. In the
correlation development, the reference temperature was taken to be 273 K. The dimensionless
igniticon delay time for data set two ls plotted against the dimensioniess heat flux in Fig.
6, If the all data points are considered together, there is a significant amount of scatter
in the results., This scatter is significantly reduced if the tests which display clear
evidence of propellant end-surface burning {(in the gaps between the sample and the inert
spacers) are separated from the tests which did not, Evidence of end-surface burning is
easlily found during the post-test microscoplic analysis of the sampie surface. Based upon the
above distinction, there are two families of data shown in the same plot (Fig. 6}.
Correlation equations for these twe families of data are given bhelow:

(2},

Surface ignition, t*p=494.7-21.24 Q*

End/Gap ignition, tv=472.5-21.94 Q*

At a given heat flux, the end or gap ignitlon process has a shorter lgnition delay time
than the surface ignitlon process. Thls is reasonabie because hot gases from the convective
stream cause the edge reglions of the propellant to reach lgnition conditions sooner than the
surface region. This type of edge enhanced lgnition has been studied previously by
Vorsteveld and Hermance’!. #hen the end surfaces of the propeilant grain are in close contact
with the spacers, the edge effect is eliminated resulting in a longer ignition delay time.

When the possibillity of end- or edge-ignition is accounted for, the resultling data
correlate very well, The small amount of data scatter could be due tc one or more of the
following reasons: (1)} the surface and shape of the test samples were not as consistent as
would have been desired. Imperfections created during the manufacturing process and during
the removal of the graphlte coating could lead to variatlons in the measured results; (2) the
correlations make no allowance for changes ln the sample surface condltlon such as the
presence of circular holes and the rice-like structures; (3) the high heating rates to the
propellant during interactlon with the lncldent shock wave are not consldered; and (4) there



Figure 4a: Unburned XM-39 LOVA Figure 4b: Unburned XM-39 LOVA

propellant - graphite coating propellant - graphite cecating
removed, surface polished. removed, surface polished.
(magnification = 800X) (magnification = 1600X)

Figure 4c¢: Burned XM-39 LOVA Figure 4d: Burned XM-39 LOVA
propellant - Upstream stagnation propellant - Upstream surface B,
region A. (magnification = 600X) (magnification = 600X)



Figure 4e: Burned XM-39 LOVA Figure 4£: Burned XM-39 LOVA

propellant - liquid agglomeration propellant - Crater-like
at location D. (magnification = structures near region E,
600X) {(magnification = 200X)

Figure 5: Circular, crater-like holes located at position E.
(magnification = 1600X)



1s no consideration given to possible heat feedback from exothermic chemical roactions in the
gas, solid or liquid phases. .
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Figure 6: Dimensionless ignition delay time versus dimensioniess heat flux
BHYSTICAL AND CHEMICAL CHARACTERISTICS OF CONVECTIVE TGNITION

The convective ignitian of XM-39% LOVA propellant invelves many complex physical and
chemical processes. Based on the observations made during this study, the following summary
describes in detall many of these processes which lead to ignition under the conditions
imposed by the shock tunnel convective ignition test,

Due to the nature of the shock tunnel test apparatus, a transient flow settling or start-
up time exists which lasts ~3 ms. During this start-up time, heat flux to the sample 1s very
large because of incident shock wave interactions, flow reversals and turbulent flow
conditions around the sample., The complexity of the flow makes interpretation of data
obtained during this period very difficult. However, the importance of this period should
not be neglected. The propellant surface temperature rises very rapidiy during these first
few miiliseconds and liquefaction, decomposition and vaporization of solld material can occur
prior to the start of the quasi-steady flow test time. It is assumed, due to the brevity of
the settling time, the thermal profile in the sample is quite thin, For self-sustained
ignition to occur during this time, heat feedback from the reaction zones must maintain the
thermal energy input into the sample when the external heat source is reduced. If ignition
can not be supparted when the high heat flux period ends, the thermal profile should adjust
quickly to the new ambient heating conditions,
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Figure 7: Major physical and chemlcal processes involved In convectlve ignition of a
cyrindrical solld propellant graln

By the tlme the flow in the test sectlon has settled Into a quasl-steady state, many
physlcal processes have already occured. These include llquld '‘melt* layer formatlon and
some solld propellant decomposition or evaporatlon lnto the gas phase, The condltlons whlch
exlst and lead to the eventuval Ignitlion durlng the steady flow time are dlscussed relative to
the regimes shown ln Flg. 7.

At the leading edge, stagnatlon flow conditlons exlst., Thls reglon 1s characterlzed by
very hlgh heat flux into the solld materlal from the external flow and local prossure values
are at a maxlmum. .The high heatling rates lead to llquefaction, decompositlion and
vaporlzation of the solid materlal which form liquld and gaseous boundary layers on the
sample surface. Small clircular holes have been observed on the upstream surface, These
holes can be attrlbuted to possible forelgn partlicle implngement, dewetting of propellant
crystals from the surface reglon, and fast pyrolysls of local actlve sltes,

Withln the gaseous boundary layer formed along the upstream clrcumferential surface,
oxidizer from the freestream mlxes and reacts with pyrolysis products frem the propellant.
The heat generated alonig with continued heating from the freestream can sustain contlnued
pyrolysls, vaporizatlon and liquefaction of the solld surface. At the gas-liqulid interface,
vaporlized and decomposed propellant is added t¢ the gaseous boundary layer as the heating
continues from both the external convective stream and heat feedback from chemical reactlons
which could occur In both the gaseous and condensed phases. The 'llquid®' boundary layer is
hlghly non-uniform, Gaseous bubbles are formed within the liquid layer and at the solld-
liquid interface as the propellant vaporizes and decomposes. These bubbles are carried
within the liquild ‘'melt' layer untll eventually they reach the gas-liquld interface. These
bubbles could be the reason for the flow structures described previously (see Fig. 3. At
the liquid-solld interface the propellant, as it ls heated, undergoes llquefaction,
vaporizatlon and decompositlon. 1In addition, the liquld layer appears to form around solld
structures which resemble rlce kernals when observed with a SEM.

Gaseous boundary layer separatlon occcurs around 80° to 85° from the leading edge. Just
beyond thls separation polnt, flow reversals In the gas phase lncrease mixing. Since the
liquld layer 1s drlven by the shear force of the gaseous flow, the flow reversal in the
gaseous layer leads to a flow reversal in the liquid layer thus lncreasing the mixlng and the
heat transfer to the solid propellant surface. Processes whlch were coccuring in the boundary
layer contlnue but the heat flux from the convective stream and the local pressure at the
sample surface are now at thelr minimum values, eventually reclrculation zones are formed in
both the gaseous flow and the predominantly liquid boundary layer whlch grows significantly
In slze férmlng the agglomeratlon seen in Flgs. 3 and de. Ignltlon occurs within this flow
reglon duc to the long reslidence tlme and increased mixing of the pyrolysls products,
vaporized propellant, and freestream oxidizer in the gaseous phase. The gas-phase reactlons
locally increase the heating rates into the liquid and subsequantly the solid phase and thus
achleve self-sustalned combustlion. In this reglon a large number of the crater-like holes



are observed on the propellant surface. It is postulated that these represent the location
of very active crystals of RDX which gasify and react.

On the downstream surface of the sample the large recirculatlon zones formed in the wake
create a rear stagnation point and subsequantly a boundary layer flow. These areas develop
much as the forward areas do and supply addltlonal reactant species to the reaction zone
located just beyond the boundary layer separation polint. At a point near 110° from the
leading edge the boundary layer formed on the rear surface interacts with the separation
region, WNear this position another agglomeration of liquid is formed as the boundary layer
thickens. The gaseous products generated along the rear surface contribute to the lgnition
and combustion processes.

SUMMARY AND CONCLUSIONS

The following conclusions about the convective ignitlon of XM=39 LOVA propellant can be
reached based on the results obtalned and discussed above:

1. Convectlve lgnitlon and flame spreading phenomena of XM-39 solld propellant has been
successfully observed using a shock tunnel facllity. Strong evidence of gas-phase ignition
mechanism has been experimentally'observed. Sustalned convective lgnition occurs in the
reglon near the boundary layer separatlion polnt,

2, Two possible sites of lgnition have been ldentifled: clrcumferential surface ignition and
edge surface ignition, Two separate correlations have been developed for these two types of
lgnitlon phenomena. s

3. From observation, the sample surface can reach ignitlon due to incldent and reflected
shock wave heating during the translent start-up time of the test, The heating is very
intense but very short in duration., However, if the thermal proflle during this perlod is
too thin to achleve self-sustalned lgnitlon, subsequant ignition could occur during the
nearly steady-state operatling time,

4. Microscopic analysis of recovered propellant samples shows the formatlon of a liqulid
layer, The compositlion of thils liquid and it Importance to the ignitlon process ls still
unkown and should be studied further,

S. After ignitlon the flame propagates from the shoulder region to the rear stagnatlon
polnt, The sample acts as a flame holder; in the wake region the local flow velocity is
reduced and the flame can sustain.
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An Experimental Ignition Study of RDX-Based Solid Propellant
Grains Subjected to Crossflow Convective Heating

Steven J. Ritchic#, Wen-Hsin Hsich§, and Kenneth K. Kuot
The Pennsylvania State University, University Park, PA 16802

Abstract

Crossflow convective ignition tests of RDX-based XM-39 LOVA solid propellant
grains were carried out in air and nitrogen using a shock tunnel facility. Test
conditions were in the range of pressurc: 1.38 - 3.45 MPa (200 - 500 psia),
temperature: 1100 - 1500 K (1980 - 2700°R) and flow velocity: 60 - 70 m/s (197 - 230
fi/s). In the tests camried out in air, ignition was observed at or very ncar the
sample surface in the region just heyond the gaseous boundary layer scparation
point. No ignition was observed for the tests carried out in nitrogen. Ignition
delay time was correlated to & dimensionless convective heat flux caleulated from
flow parameters. Post-test microscopie analysis of samples indicated the formation
of an apparent liquid layer on the exposed surface which grows in thickness in
the vieinity of the flow separation location. The existence of numerous near-
cireular, crater-like holes was detected using scanning clectron microscopy. The
rims of thesc holes exhibit evidence of surface reactions and phase changes. The
physical interactions between the flow and test sample are diseussed to provide
insight into the complex ignition proeess. The ignition mechanism is believed to
be gas-phase in nature rather than a surface reaction mechanism,

Introduction

Of recent interest to the propulsion community are solid propellant
formulations based on nitramine ingrediants such as cyelotrimethylenetri-
nitramine (RDX) and cyclotetramethylenetetranitramine (HMX). These materials
display bigh thermal stability and low sensitivity to hallistic vulnerahility making
them idecal candidates for low vulnerability ammunition (LOVA) propellants.
Related to the LOVA characteristic of nitramine-based propellants, is the problem
of achicving consistent ignition when it is desired. Understanding the complex
pbysicochemical processes wbich cbaracterize the ignition transient is necessary
if safe, reliable igniters are to he designed for propulsion systems employing thesc
propellant types.

#Ph. D. Candidate, Dept. of Mechanical Engincering
§Assistant Professor, Dept. of Mechanical Engineering
tDistinguisbed Professor, Dept. of Mechanical Engineering
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There is available, in the literature, a limited amount of information on the
ignition of nitramines subjected to a radiative thermal input!-2:3, The benefit of
the radiative ignition test is the control over heat flux input independent of other
parameters such as cnvironmental pressure. The radiative heat source is usually a
CO2 laser or an arc-image fumaee, The major disadvantage of this test is the lack
of hot gas adjacent to the propellant surface. Cohen and Decker* used a shock tube
to study the ignition of HMX and RDX in shock heated nitrogen gas. This accounted
for the presence of a hot gas at the propellant surface but it was predominantly a
conductive heating mechanism. Typical large caliber gun systems, which would
employ LOVA solid propellants, achieve igniiion via convective heating from a hot
gascous stream genersted by an igniter. This particular shortcoming has heen
addressed in this study hy cmploying a test method which simulates the convective
heating proeess.

Several programs have studied convective heating and ignition of solid
propellants. The work done hy Kashiwagi et al.5 and Birk and Caveny$7 is of
particular importance. Kashiwagi et al.5 used a shock tumnel facility to generate a
high pressure, high temperature gas flow over a solid fuel sample. The gecometry
of the sample was a flat plate. The purpose of the study was to cxamine the cffect
of freestream oxidizer concentration on the ignition delay time and ignition
location of a convectively heated solid fuel. This type of cxperiment allowed
Kashiwagi ¢t al.5 to make definitive statements regarding the gas phasc ignition
behavior of the solid fuels in question.

Birk and Caveny57 used the same shock tunnel facility as Kashiwagi et al5 to
study the convective ignition and flame-spreading phenomena of individual solid
propellant grains. Some minor modifications o the test section were made, hut the
essential nature of the test was the same. The shock tunnel was used to gencrate a
high temperature, high pressurc gas stream over a solid propellant sample under
flow conditions similiar to thosc expected in large caliber gun chambers. The
sample geometry was a 0.7 cm (.275 in.) diameter eylindrical propellant grain
mounted perpendieviar to the gas stream. The puhlished results were primarily
for single-hase, douhle-basc, and triple-base nitrocellulose propellants with some
very limited data for an HMX/PU eomposite propellant. Ignition delay time and
ignition location on the sample were measured using photomultiplier tubes
optically focused on specific locations of the sample via fiber optie tuhing. The
entirc ignition event was monitored visually using high speed eameras and a
schlieren lighting system. Following the tests, recovered samples were analyzed




microscopically for any important surface features which would assist in
understanding the decomposition mechanisms. In addition to testing the
propellant samples, calibration was accomplished using an instrumented cylinder
which included a miniature pressure transducer and several thin film heat flux
gages. With this instrumented cylinder, Birk and Caveny$7 were able to examine
the starting transient of the shock tunnel generated flow and the effect it had on
heat transfer to the sample. This sct-up provided an excellent opportunity to study
the ignition and flame-spread phenomena of nitrocellulose propellants and to a
limited degree an HMX/PU composite propellant.

Presented here arc the results of an experimental ignition study on an RDX-
based LLOVA solid propellant using the same shock tunnel facility and technique as
Birk and Caveny57. The results of Birk and Caveny5:7 provide excellent
background and insight into the interpretation of these more recent
measurements. It is hoped the fundamental information gathered from this study
of complex ignition processes in a relatively simple flow field can be used to better
understand and predict the ignition response of RDX-based propeilant in more
practical combustion or propulsion scenarios.

The cxperimental objectives are to (1) visually examine the convective
ignition phenomenon and subsequant flame spreading of RDX-based XM-39
propellant using high-speed video photography, (2) measure ignition delay (based
on light emission from the sample) and examine possible correlations to
convective flow parameters and (3) microscopically examine recovered propellant
samples to determine the heating and burning effects on sample surfaces. The
goal of this paper is to use the above observations and data to identify important
processes involved in the ignition of XM-39 LOVA propellant. This will provide
gnidelines for eventual iheoretical model development.

Method of Approach

Shock Tunnel Test Facllity

The shock tunnel facility is identical to that used in other programs described
sbove. A detailed discussion of the facility can be found in Kashiwagi et al.5, Birk
and Caveny$:7 and Ritchie et al.8.9. Briefly, the shock tunnel is used to create a
reservoir of high-temperature, high-pressure gas which, in tum, induces a flow
through the test section and across the sample. The test section, a cross-sectional
side view is shown in Fig. 1, is a 2.86 cm x 2.86 cm (1.125 in. x 1.125 in.) square duct.
Quantz windows, located on the top and sides (side windows not shown), provide




optical acceas. A perforated plate located at the downstream exit acts as a nozzle
which chokes the flow and controls the gas velocity. One major modification to
the set-up used by Birk and Caveny®:7 was the addition of a perforated plate to the
upstream entrance of the test section. This was added to damp out initial pressure
oscillations caused by the interaction of the incident shock wave with the sample
and to protect the sample from damage by large pieces of burst diaphragm dcbris
which are carricd by the shock tunncl flow into the test region following the
ignition ecvent.

In licu of heat flux and pressurc calibration tests, as were performed by Birk
and Caveny$7, the velocity, temperature and pressure of the gascous flow through
the test section were measured in calibration runs. These paramcters were decmed
more important as boundary conditions for eventual! theoretical analysis than
heat flux measurements. 1t was felt, on at least a qualitative basis, the heat flux
data of Birk and CavenyS:7 could be used to analyze the ignition results obtained in
the present study with regard to the starting transient of the shock tunnel test and
the heating trends on various parts of the sample,

Pressure was measured at the test section wall with a Kistler 601B101
piezoelectric pressure transducer (see Fig. 1). The velocity was measured using a
TSI Laser Doppler Velocimetry system and correlated to test section pressure and
incident shock wave Mach number. The temperature measurements were carried
out using a Paul Beckman Company 300 Series K-Type Micro-miniature
Thermocouple. This commercially available thermocouple probe provides fast
responsc time (~3 ms) and accuracies of 0.25%. The mecasured temperaturc data
agreed very closcly to expected values calculated using one-dimensional shock
tube/tunncl theory. The temperature-time traces were cvaluated by looking for a
constant temperature plateau during the expected 17-20 ms test time following the
shock wave arrival. The average temperature of this platcau was determined and
correlated to the incident shock wave Mach number and the test section pressure
value. In all ignition tests, the incident wave Mach number and pressurc are
mcasured and the temperature and velocity evalusted from the calibration curves.

Through control of the arcas open to the flow on both the upstrcam perforated
plate and downstream nozzle, the initial driver gas to driven gas pressure ratio,
and the initial pressure in the driven section, the shock tunael is capable of
producing a wide range of test conditions: pressures of 1.03 - 4,14 MPa (150 - 600
psia), temperatures of 950 - 1500 K (1710 - 2700 °R), and velocities of 60 - 250 m/s
(197 - 820 fi/s). The major limitation of the shock tunnel facility is the maximum




avsilable test time of 17 - 20 ms, but for most flow conditions the ignition delay
time is much shorter than this.

Diagnosties for ignition tests include: pressure transducers along the shock
tunnel driven section to detect the shock wave amrival at fixed locations from
which the incident shock wave speed is deduced, a pressurc transducer located in
the test section upstream of the sample (sec Fig. 1), and five filtered RCA 1P28
photomultiplier tubes which mecasure light intensity in the near ultraviolet
centered around 0.3700 pm used remotely via fiber optic tubes to measure ignition
delay. Because preliminary tests of XM-39 showed significant flame spread into
the downsiream wake region, the fiber optie tubes were configured linearly, as
shown in Fig. 1, to cover the entire span of the test section. High-epeed
visualization is accomplished through side windows using a high-speed Kodak
Spin Physies SP2000 video system with backlighting of the sample.

Test Sampie

The propeliant used for this study was XM-39 (Lot #AS5-1184-113): 76% RDX, 12%
CAB, 7.6% ATEC, 4% NC, and 0.4% EC. The grain geometry is cylindrical in shape
with a nominal diameter of 0.7 cm (.275 in.) and length of 0.74 cm (.291 in.). The
condition of the samples was not uniform: the diameter was not econstant from
grain to grain, the shape of individual samples was never a perfect cylinder and
the surface was pitted and graphite coated. In order maintain more uniformity in
the tests, each propellant grain was trimmed to & constant leagth of 0.74 cm (.291
in.), the graphite coating was removed, and the surfacc was polished until it was
visually smooth.

The sample was mounted in the test section with the induced flow
perpendicular to the length of the grain. Mounting was aceomplished by drilling
a hole along the cenmter axis of the cylindrical sample. A stainless steel rod is
inserted through this hole and attached to end holders. The difference between
the test section width, 2.86 cm (1.125 in.), and the sample length is occupied by
inert spacers so the flow would 'scc’ essentially one long cylinder stretching
across the entire test section. This was done to minimize end bumning effects.

Discussion of Results
Tests were carried out within a limited flow regime for the shock tunnel
facility. The flow velocity was fixed at approximately 65 m/s (213 ft/s) using a
perforated-plate nozzie downstream as was done by Kashiwagi et al.5 The pressure




and temperature of the convective stream were altered by varying the initial
values of pressure in the shock tunnel and the incident shock speed until an
ignition ‘envelope’ was obtained. Reynolds numbers for this study ranged
betweea 30,000 and 50,000. Two sets of tests were carried out in this fashion with
XM-39 LOVA propellant. One sct used nitrogen as the test gas; the other used air,

For the tests performed in a nitrogen environment, no ignition or luminous
flame was detected by cither the high speed video or the photomultiplier tube
detection system. This result substantiates previous observations by others. Birk
and Caveny®7 showed a similiar result for HMX/PU propellant. In a 100%
nitrogen environment, no ignition was observed for Rcynolds numbers between
7,000 and 10,000. As oxidizer was added to thc test gas, ignition in this Reynolds
number range was observed and the ignition delay time decrecased as the
concentration of oxygen in the test gas increased. Additionally, Chang and
Rocchio!0 have also shown that oxidizer rich igniters can reduce long ignition
delays in gunm simulator studies.

When tested in air, ignition of the XM-39 propellant grain was observed for
many of the imposed test conditions. The results of a typical test (No. 155) are
summarized here. Figure 2 contains pressure vs. time (Fig. 2a) and
photomultiplier tube output vs. time (Fig. 2b) plots. Still photographs taken from
the high speed video showing the observed location of first visible light are
provided in Fig. 3.

The pressure-time trace can be divided into two sections. The ‘transient
starting time' begins with the incident shock wave arrival. Interaction of the
incident wave with the sample and nozzles leads to pressure oscillations and
turbulent flow conditions around the sample. In the subsequant 'quasi-steady test
time', the pressure does not oscillate but slowly increases from a minimum value of
1.45 MPa (210 psia) 10 3 maximum value of 2.00 MPa (290 psia). This corresponds to
a 27% increase in pressure over the test duration. This variation, unfortunately, is
unavoidable s0 an average pressure value is used in all csaiculations and in the
presentation of results. Although undesirable, the pressure value during the
majority of the test can be considered quasi-steady with tolerable variations.

The large initial deflection in the photomultiplier trace corresponds to the
incident shock wave amival in the test section (time = 0). The deflection in the
photomultiplier signal due to the onset of sustained ignition is seen at 10.835 ms
(tip). The rarefaction wave amrives at the test section after ~17.82 ms. The light
intensity from the buming is altered slightly at this time but the sample does not
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completely extinguish until 19.650 ms after the first pressurc rise in the test
section.

Still photographs ohtained from the high-speed video for Test 155 are shown
in Fig. 3. Backlighting was used and the coanvective strcam is moving from right
to left. To provide some initial perspective, Fig. 3a is & pretest picture of the
sample in the test section. The arrival of the shock wave is so bright that the video
aystem saturates and ia therefore not shown but this would correspond to time t=0.
Thercafter the sample appears as seen in Fig. 3a until visible light can be scen on
the top surface at time, t = 11,167 ms (Fig. 3b). Any light generated on the botiom
of the sample would be hidden hy the sample supports. The more sensitive photo-
multiplier tube detected ignition mueh earlier at 10.835 ms. In Fig. 3d,
corresponding to t = 11.500 ms, the reaction has propagated downsiream and grown
in intensity and can now be scen on the lower half of the aample. Subsequent
frames show increasing light cmission from the wake region of the sample until
cventually the buming spreads over the cntire downstrcam surface at time t =
13.334 ms (Figs. 3¢ to 30). Onecc the reaction has covered the downstream region of
the sample it bums in cssentially & steady-state fashion (Fig. 3p) until the end of
the test time. The sample does continue to react for scveral milli-seconds after the
pressure drop at 17.82 ms causcd by the amival of the rarefaction wave as shown
in Fig. 2a. The described cvents for ignition and flame spreading of XM-39 RDX-
hased compositc propellant are very similiar to the ohservations of Birk and
Caveny®7 for nitrocellulose-based propellants. 1t is obvious that many of the
important physical processes involved in the coavective ignition of these
different types of propellants arc the same.

In many cases, light emission from the sample was detected very carly (< 3 ms)
during the sbock tunnel transicat atart-up time. This phenomenon was also
observed by Birk and CaveayS7 in their study of nitrocellulose propellants. When
the incident shock wave arrives in the test section the heating rates to the sample
are very high. This has been substantiated hy the heat flux data taken hy Birk and
Caveny.5.7 Gasification of the propellant material can take place and subsequant
reactions ohserved. However in both the tests done for this program and those
done previously by Birk and Cavcny.6-7. this ‘transient’ ignition was not always
able to sustain burning for the entire test time because the heating rates decrease
sharply with the onsct of the quasi-sicady flow through the test section. The
sample, once quenched, would ususlly, but not always, reignite later during the
stcady-state convective heating period and sustain burning until the end of the
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test time. It is this second ignition point which has been labeled the ignition delay
time (typ). The ignition declay was determined through analysis of both the
photomultiplier tube output (100,000 pts/sec.) and the high-speed video pictures
(6,000 pict/sec.).

The conditions for the sccond set of tests are given in Table 1. This table lists
the test scction pressure, temperature, Mach number, Reynolds number, Prandtl
number, Nussclt number, ignition delay time (typ) and dimensionless ignition
delay (t*Ip). t*Ip is defined as typ/(D/V); it represents the ratio of ignition delay
time to the flow residence time based on the sample diameter and the approach
velocity. The average Nusselt numberll is calculated using the following formula
for flow over a cylinder:

Nu=.027Rep Pr> oy

Birk and Caveny%7 used Reynolds number as the independent parameter in
presentation of their results. The average Nusselt number, as calculated using the
above equation, is more closely associated with heat transfer to the sample. The
heat flux data taken by Birk and Caveny show the variation in hcat transfer rates
as a function of angular locstion from the leading edge. By using an average
value, it is assumed the heat transfer rates over the surface vary accordingly.
Therefore an increase in the average Nusselt number is representative of an
increase in the local Nussclt numbers at the various surface locations.

Photographs from an optical microgscopic study (magnification = 50X) of a
recovered propellant sample are shown in Fig. 4. A detailed description of each
photograph is given due to the limited resolution of the reproduction. At the front
stagnation point, position A, the surface is slightly pitted and many small parnicles
from the shock tunnel burst diaphragm are imbedded in the surface layer.
Between 30° and 45° from the leading edge at location B, small wave formations
appear on the surface indicating the formation of a liquid 'melt' layer. The wave
formations could be created by bubble formation and the complex flow structure
on the propellant surface or it could be due to the existence of some freestream
turbulence generated by the upstream perforated plate. These wave formations
grow in size between 45° and 90° from the leading edge at location C. Just beyond
the 90° point at region D, there is & large liquid agglomeration on the surface. The
position of this liquid formation coincides very closely to the first reaction
location as scen on the video. Although it is not casily discemible in the




photographs, there arc many bubbles entrained within this agglomeration. A
second agglomeration which is slightly smaller than the one at ~95° can be seen at
~105° from the leading edge in region E. The back surface (region F) and rear
stagnation point (region G) arc similiar to the front surface only free of particles
and shock tunnel debris. The only casily distinguishable difference between the
bumed and unbumed samples is the coloring. Burned samples exhibit a darker
shade of yellow/white (particularly on the downstream side and at the
agglomeration points) while the unbumed samples more closcly resemble the
original white coloring of the propellant. Unfortunately this is only
distinguishable under actual viewing econditions and is not elearly visible in the
photographic representation.

A seanning clectron mieroscope (SEM) was used to examine the sample surface
under even higher magnifieation. These photographs are shown in Fig. 5 and
correspond to Test 148. The first two pictures show a pretest propellant surface
(Fig. 5a and 5b). The surface, although it had been polished, is actually quite
rough when examined under very high magnifieation (1600X). The next series of
photographs are of a sample which has ignited under convective heating
conditions. The letter associated with cach photograph corresponds to the general
arca highlighted in Fig. 4. Note: the arca covered by the photograph does not
correspond to the area of the squarc box on the top view of the sample in Fig. 4 and
the magnification used for cach photograph is not the same. The magnification
was chosen to highlight particular struetures on the sample surface.

Figures 5S¢ shows the front stagnation region A. The surface in this region,
and over the entire propellant surface, is very rough with many rice-like
structures which have an approximate diameter of 4 um. Seattered randomly
about this region are small cirecular holes, often appearing in small groups.
Further along the sample, in region B, the surface appears similiar to the
stagnation region (sece Fig 5d). However, the surface structures are less
independent and appear to hsve agglomerated into larger clumps. There arc still
holes in the surface but these do not appear as frequently as in the front
stagnation zone.

At position D, where the large agglomeration forms on the sample surface, Fig.
S¢ clearly shows a change in the surface structure. At the ridge of the
agzlomeration the individual rice-like shapes bave beecome very ciosely grouped
and have apparently 'melted’ together. Again there are circular holes located in
close proximity to the ridge region but not in large quantities. Just downstream
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from the agglomeration region, necar E, there is a very densely packed, large
number of circular holes (see Fig. 5f). Some of these holes display a whitish edge
indicating a change in the physical nature of the material probably due to phase
changes and chemical reactions. The structure of these crater-like holes was
examined under even greater magnification (1600X) and is shown in Fig. 5g.
Further along the sample in region F and at the rear stagnation point G the
surface has the same description as the leading edge locations, A and B.

Birk and CavenyS® also carried out a SEM analysis of recovered sample surfaces.
The micro-photographs are very similiar to those presented here. The
nitrocellulose-based propellants had a large number of the crater-like holes over
their entire surface, including the upstream edge of the sample.  The HMX/PU
propcllant showed significant signs of the formation of a liquid 'melt’ layer and
numerous craters as observed in this program for XM-39. Unfortunately, for
many of the pictures, the flow conditions and the angular location on the sample
arc not provided. This makes comparison to the present results for XM-39 very
subjective,

Ignitlon Delay Correlation

One objective was to find a correlation between the ignition delay time for XM-
39 LOVA propellant and the freestream flow parameters: pressure, temperature
and velocity. If the chemistry is relatively fast, the ignition delay should depend
almost entirely on the heat-up for the solid material and a correlation based on the
heat flux into an inert cylinder should provide reasonable results. This analysis is
very similiar to that used in presenting data from radiative ignition tests. The
average nondimensional heat flux term (Q*) was calculated using the following

o =G [g'r, ‘r 4::) Kz] [Cr_+ 480 K)]% .

The first term is the average Nusselt number calculated using Eq. (1). Thae

formula:

second term compensates for the temperature difference between the propellant
surface and the freestream flow. The third term accounts for changes in the
conductivity of air at the film temperature. Obviously, the temperzture of the
propellant surface will be dependent on time and the angular location from the
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leading edge. To simplify the analysis, a constant temperaturc for the surface of
the propellant was chosen. The value of 480 K was used because it is close to the
melting or liquefaetion temperature for RDX quoted in the literature. This
simplification assumes that a constant 'average' heat flux is applied to the XM-39
propellant based solely on the freestream flow parameters. In the eorrelation
development, the referenee temperature was taken to be 273 K. The dimensionless
ignition delay time for data set two is plotted against the dimensionless heat flux in
Fig. 6. If all data points are eonsidered together, there is a signifieant amount of
seatter in the results. This scatter is significantly redueced if the tests which
display clear evidenee of propellant end-surface burning (in the gaps hetween
the sample and the inert spacers) arc separated from the tests whieh did not.
Evidenece of end-surface hurning is easily found during the post-test mieroscopie
analysis of the sample surface. Based upon the above distinetion, there are two
familics of data shown in the same plot (Fig. 6). Correlation equations for these
two familics of data arc given helow:

t*p=519-0.539 Q*

Surfaece ignition,

End/Gap ignition, t*p=471-0.517Q*

At a given heat flux, the end or gap ignition process has a shorter ignition
delay time than the surfaee ignition process. This is reasonable because hot gases
from the econvective stream ecause the edge regions of the propellant to reach
ignition conditions sooner than the surface region. This type of edge enhaneced
ignition has been studied_ previously hy Vorsteveld and Hermaneel2, When the
end surfaces of the propellant grain are in elose contaet with the spacers, the edge
effeet is climinated resulting in a longer ignition delay time.

When the possibility of end- or edge-ignition is aceounted for, the resulting
data correlate very well. The small amount of data scatter eould be due 10 one or
more of the following reasons: (1) the surface and shape of the test samples were
not as consistent as would have heen desired. Imperfections created during the
manufacturing process and during the removal of the graphite coating could lead
to variations in the measured results; (2) the correlations make no allowance for
changes in the sample surfacc condition sueh as the presence of eircular holes
and the rice-like structures; (3) the high heating rates to the propellant during
interaction with the ineident shoek wave and the variation in surfaee

11




temperatures are not considercd; and (4) there is no consideration given to
possible heat feedback from exothermic chemical reactions in the gas, solid or
liquid pkases.

Physical and Chemlical Characteristics of the Convectlve Ignitlon Test

The convective ignition of XM-39 LOVA propellant involves many complex
physical and chemical processes. Based on the observations made during this
study, the following summary describes in detail many of these processes which
lead to ignition under the conditions imposed by the shock tunnel convective
ignition test.

Due to the nature of the shock tunnel test apparatus, a transient flow setiling
or start-up time cxists which lasts ~3 ms. During this start-up time, heat flux to the
sample is very large because of incident shock wave interactions, flow reversals
and turbulent flow conditions around the sample. The complexity of the flow
makes interpretation of data obtained during this period very difficult. However,
the importance of this period should not be neglected. The propellant surface
temperature rises very rapidly during these first few milliseconds and
liquefaction, decomposition and vaporization of solid material can occur prior to
the start of the quasi-steady flow test time. It is assumed, duc to the brevity of the
settling time, the thermal profile in the sample is quite thin. For self-sustained
ignition to occur during this time, heat fecdback from the reaction zones must
maintain the thermal energy input into the sample when the cxternal heat source
is reduced. If ignition can not be supported when the high heat flux period ends,
the thermal profile should adjust quickly to the new ambient heating conditions.

By the time the flow in the test section has settled into a quasi-steady state,
many physical processes have already occured. These include liquid 'melt’ layer
formation and some solid propellant decomposition or cvaporation into the gas
phase, The conditions which exist and lead to the eventual ignition during the
steady flow time are discussed relative to the regimes shown in Fig, 7.

At the leading edge, stagnation flow conditions exist. This region is
characterized by very high heat flux into the solid material from the external flow
and local pressure values arc at a maximum. The high heating rates lead to
liquefaction, decomposition and vaporization of the solid material which form
liquid and gaseous boundary layers on the sample surface. Small circular holes
have been obscrved on the upstream surface. These holes can be attributed to
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possible foreign particle impingement, dewetting of propellant crystals from the
surface region, and fast pyrolysis of local active sites.

Within the gascous boundary layer formed along the upstream
circumferential surface, oxidizer from the freestream mixes and reacts with
pyrolysis products from the propellant. The heat generated, along with continued
heating from the freestream., can sustain continued pyrolysis, vaporization and
liquefaction of the solid surface. At the gas-liquid interface, vaporized and
decomposed propellant is added to the gascous boundary layer as the heating
continues from both the ecxternal convective stream and heat feedhack from
chemical reactions whichk could occur in hoth the gaseous and condensed phases.
The 'liquid’ boundary layer is highly non-uniform. Gascous huhkhles arc formed
within the liquid layer and at the solid-liquid interface as the propellant vaporizes
and decomposcs. These huhbles are carried within the liquid 'melt’ layer until
cventually they reach the gas-liquid interface. These bubhles could be the reason
for the flow structures described previously (see Fig. 4). At the liquid-solid
interface the propellant, as it is heated, undergoes liquefaction, vaporization and
decomposition. In addition, the liquid layer appears to form around solid
structures which resemhle rice kermals when ohserved with a SEM.

Gascous boundary layer scparation occurs around 80° to 85° from the leading
edge. Just beyond this separation point, flow reversals in the gas phase increase
mixing. Since the liquid layer is driven by the shear force of the gasecous flow, the
flow reversal in the gascous layer leads to a flow reversal in the liquid layer thus
increasing the mixing and the hecat transfer to the solid propellant surface.
Processes which were occuring in the boundary layer continue hut the heat flux
from the convective stream and the local pressure at the sample surface are now
at their minimum values. Eventually recirculation zones arc formed in hoth the
gaseous flow and the predominantly liquid boundary layer whick grows
significantly in size forming the agglomeration seen in Figs. 4 and 5e. Ignition
occurs within this flow region due to the long residence time and increased
mixing of the pyrolysis products, vaporized propellant, and freestream oxidizer in
the gaseous phase. The gas-phase rcactions locally increase heat-transfer to the
liquid and subscquantly the solid phasec and thus achicve sclf-sustained
combusiion. In this region a large number of the crater-like holes are observed
on the propellant surface. It is postulated that these represent the location of very
active crystals of RDX which gasify and react.
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Birk and CavenyS:7 proposed that a gas phasc Damkobler number defined as
the ratio of the residence time in the mixing zone to the reaction time was an
important dimensionless parameter which could assist in characterizing the
observed ignition phenomena. If the Damkohler numher is much greater than
one, the reaction is much faster than the flow time and the reactants are
consumed almost immediately within the vicinity of initial gasification. The
location of initial gasification would be at the front and rear surface stagnation
points, where the solid surface hecating rates are greatest. The results from this
program can he interpreted in this manner, the Damkohler number must not he
very large and therefore the reactants need greater residence time as is associated
with the recirculation region just heyond the separation point.

On the downstream surface of the sample the large recirculation zones formed
in the wake creatc a rear stagnation point and suhsequantly a boundary layer
flow. These arcas develop much as the forward arcas do and supply additional
reactant species to the reaction zone located just beyond the boundary layer
separation point. At a point near II0° from the leading edge the boundary layer
formed on the rear surface interacts with the separation region. Near this
position another agglomeration of liquid is formed as the boundary layer
thickens. The gaseous producis generated along the rear surface contribute to the
ignition and comhustion processes.

Conclusions
The following conclusions ahout the conveetive ignition of XM-39 LOVA
propellant can be reached hased on the results obtained and discussed above:

1. Convective ignition aﬁd flame spreading phenomena of XM-39 solid propellant
have been successfully ohserved using the technique of Birk and Caveny.6.7
Strong cvidence of gas-phase ignition mechanism has been ecxperimentally
observed.  Sustained convective ignition occurs in the region near the boundary
layer separation point.

2. The presence of freestream oxidizer is very important to the ignition process.
In the absence of oxidizer in the test gas, no convective ignition was ohserved.
Ignition was achieved in tests with &ir as the test gas.

3. Two possible sites of ignition have heen identified: circumferential surface
ignition and edge surface ignmition. Separate corrclations have been developed for
these two types of ignition phenomena.




Test Pressure Temperature Reynolds Prandtl Nusselt Mach tip b

No, MPa (psia) X)) (R) No, No, No, No _ (ms} _(-)
050 3.79 (550) 1420 (2556) 71441 0.699 193.5 0.071 0.00 0.00
051 1.72 (250) 1385 (2493) 43376 0.705 129.9 0.094 733 76.8
053 1.72 (250) 1415 (2547) 41506 0.700 125.1 0.094 7.27 789
055 1.59 (230) 1405 (2529) 40004 0.702 121.6 0.096 9.41 935
056 1.64 (238) 1440 (2592) 39698 0.696 120.4 0.095 None --
058 2.78 (403) 1415 (2547) 59061 0.700 166.2 0.082 150 !3.2
059 2.56 (371) 1460 (2628) 54877 0.692  153.7 0.084 3.17 28.0
060 2,49 (361) 1375 (2475) 58122 0.707 164.6 0.086 2.82 250
061 2.49 (361) 1375 (2475) 59058 0.707 166.8 0.086 3.17 27.7

062 2,34 (340) 1305 (2349) 59667 0.718 168.9 0.088 5.64 50:0
063 2.32 (337) 1445 (2601) 51066 0.695 147.5 0.087 5.17 48.0
064 234 (340) 1335 (2403) 58309 0.713 165.4 0.089 3.64 326
065 2,03 (294) 1430 (2574) 45987 0.698 135.7 0.090 8.59 83.7

066 2.32 (337) 1200 (2160) 65898 0.728 184.0 0.091 11.46 100.6
067 179 (260) 1270 (2286) 48929 0.720 144.1 0.094 14.55 138.7
068 2,65 (385) 1280 (2304) 65775 0.721 183.1 0.085 5.33 456
145 1.03 (150) 1340 (2412) 29905 0.712 96.6 0.103 None --

146 1.86 (270) 1360 (2448) 48305 0.710 142.0 0.093 None --

147 1.86 (270) 1465 (2637) 42716 0.691 127.5 0.091 6.28 544
148 241 (349 1180 (2124) 69814 0.728 192.7 0.090 13.59 1159

149 1.31 (190) 1435 (2583) 33664 0.697 105.6 0.099 None --

150 2.13 (309) 1455 (2619) 48587 0.693 141.6 0.089 4.91 46.0
151 2.13 (309) 1410 (2538) 50089 0.701 145.6 0.089 3.87 3359
153 2.13 (309) 1290 (2322) 55726 0.720 160.0 0.091 13.04 1219
154 2,13 (309) 1205 (2169) 62743 0.728 176.9 0.093 15.40 137.8
155 1.79 (260) 1429 (2572) 41930 0.698 126.0 0.092 10.84 107.3
156 1.86 (270) 1430 (2574) 45019 0.697 133.4 0.092 8.61 83.0
157 2.13 (309) 1355 (2439) 53424 0.710 154.0 0.090 7.30 67.6
158 2.41 (349) 1445 (2601) 53525 0.695 153.2 0.086 3.06 28.1
159 2.41 (349) 1385 (2493) 55952 0.705 159.5 0.087 5.30 48.1

160 241 (349) 1360 (2448) 57511 0.710 163.4 0.087 6.83 60.3
161 2.41 (349) 1290 (2322) 61592 0.720 173.5 0.088 12.07 105.0
162 241 (349) 1195 (2151) 67442 0.728 187.5 0.090 15.52 134.3
163 1.86 (270) 1375 (2475) 46963 0.707 138.7 0.093 10.55 100.6
164 1.86 (270) 1280 (2304) 51827 0.721 151.1 0.095 15.61 147.1
165 1.59 (230) 1565 (2817) 35472 0.685 131.9 0.095 7.41 75.2
166 1.59 (230 1355 (2439 40808 0.710 127.6 0.096 12.66 124.2
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Test Pressure Temperature Reynolds Prandtl Nusselt Mach tip t*ip
No.  MPa (psi) (K3 (R) No, No. No. No. (ms) (-)

050 3.79 (550) 1420 (2556) 71441 0.699 193.5 0.071 0.00 0.00
051 1.72 (250) 1385 (2493) 43376 0.705 129.9 0.094 7.33 76.8
053 1.72 (250) 1415 (2547) 41506 0.700 125.1 0.094 7.27 789
055 1.59 (230) 1405 (2529) 40004 0.702 121.6 0.096 9.41 935
056 1.64 (238) 1440 (2592) 39698 0.696 120.4 0.095 None --
058 278 (403) 1415 (2547) 59061 0.700 166.2 0.082 150 13.2

059 2.56 (371) 1460 (2628) 54877 0.692 153.7 0.084 3.17 28.0
060 2.49 (361) 1375 (2475) 58122 0.707 164.6 0.086 2.82 250
061 2.49 (361) 1375 (2475) 59058 0.707 166.8 0.086 3.17 217
062 2.34 (340) 1305 (2349) 59667 0.718 168.9 0.088 e

064 234 (340) 1335 (2403) 58309 0.713 165.4 0.089
065 2.03 (294) 1430 (2574) 45987 0.698 135.7 0.090 . 5
066 2.32 (3370 1200 (2160) 65898 0.728 184.0 0.091 11.46 100.6
067 1.79 (260) 1270 (2286) 48929 0.720 144.1 0.094 14.55 138.7
068 2.65 (385) 1280 (2304) 65775 0.721 183.1 0.085 5.33 456
145 1.03 (150) 1340 (2412) 29905 0.712 96.6 0.103 None --

146 1.86 (270) 1360 (2448) 48305 0.710 142.0 0.093 None --

147 1.86 (270) 1465 (2637) 42716 0.691 127.5 0.091 6.28 54.4
148 2.41 (349) 1180 (2124) 69814 0.728 192.7 0.090 13.59 1159
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149 1.31 (190) 1435 (2583) 33664 0.697 105.6 0.099 None --

150 2.13 (309) 1455 (2619) 48587 0.693 141.6 0.089 4591 46.0
151 2.13 (309) 1410 (2538) 50089 0.701 145.6 0.089 3.87 359
153 2.13 (309) 1290 (2322) 55726 0.720 160.0 0.091 13.04 1219
154 2.13 (309) 1205 (2169) 62743 0.728 176.9 0.093 15.40 137.8

155 1.79 (260) 1429 (2572) 41930 0.698 126.0 0.092 10.84 107.3
156 1.86 (270) 1430 (2574) 45019 0.697 133.4 0.092 8.61 83.0
157 2.13 (309 1355 (2439) 53424 0.710 154.0 0.090 7.30 67.6
158 2.41 (349) 1445 (2601) 53525 0.695 153.2 0.086 3.06 28.1
159 241 (349) 1385 (2493) 55952 0.705 159.5 0.087 5.30 48.1

160 2.41 (349) 1360 (2448) 57511 0.710 163.4 0.087 6.83 603
161 241 (349) 1290 (2322) 61592 0.720 173.5 0.088 12.07 105.0
162 2.41 (349) 1195 (2151) 67442 0.728 187.5 0.090 15.52 1343
163 1.86 (270) 1375 (2475) 46963 0.707 138.7 0.093 10.55 100.6
164 1.86 (270) 1280 (2304) 51827 0.721 151.1 0.095 15.61 147.1
165 1.59 (230) 1565 (2817) 35472 0.685 131.9 0.095 7.41 1752
166 1.59 (230 1355 (2439 40808 0.710 127.6 0.096 12.66 124.2
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Table 1 Summary of Test Conditions and Results for XM-39 Solid Propellant in Air

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
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Fig. §
Fig. §
Fig. §
Fig. §
Fig. 5§
Fig. 5

Fig. 6
Fig. 7

Cross-sectional side view of convective ignition test section.

a) Test section pressurc vs. time trace(Test No. 155)

b) Test section photomultiplier output vs. time trace (Test No. 155).
High-speed video images of convective ignition test events (Test No. 155).
Magnified (50X) post-test XM-39 solid propellant surface (Test No. 148).

a) Pretest XM-39 Solid Propellant - graphite coating removed and surface
polished (Test No. 148, mag. = 800X).

b) Pretest XM-39 Solid Propellant - graphite coating removed and surface
polished (Test No. 148, mag. = 1600X).

c) Post-test XM-39 Solid Propellant - Upstream stagnation region A (Test No.
148, mag. = 600X).

d) Post-test XM-39 Solid Propellant - Upstream surface region B (Test No. 148,
mag. = 600X).

¢) Post-test XM-39 Solid Propellant - Liquid agglomeration at location D (Test
No. 148, mag. = 600X).

f) Post-test XM-39 Solid Propellant - Crater-like structures near region E (Test
No. 148, mag. = 200X).

g) Circular, crater-like holes located at position E (Test No. 148, mag. = 1600X).
Plot of Dimensionless ignition delay time vs. dimensionless heat flux, Q*.
Major physical and chemical processes involved in the convective ignition of
a cylindrical solid propellant grain




B U B B U U W = ol o Wy O o0 o am

PR S Ul =N

4. From observation, the sample surface can reach ignition due to incident and
reflected shock wave heating during the transicnt start-up time of the test. The
heating is very intense hut very shont in duration. However, if the thermal
profile during this period is too thin to achieve sclf-sustained ignition, suhsequant
ignition could occur during the nearly stcady-state operating time.

5. Microscopic analysis of recovered propellant samples shows the formation of a
liquid layer. The composition of this liquid and it importance to the ignition
process is still unkown and should be studied further.

6. After ignition the flame propagates from the shoulder region to the rear
stagnation point. The sample acts as a flame holder; in the wake region the local
flow velocity is reduced and the flame can sustain,
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Table 1 Summary of Test Conditions and Results for XM-39 Solid Propellant in Air

Fig.
Fig.
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Fig.
Fig.
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Fig.
Fig.
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Cross-sectional side view of convective ignition test section.

a) Test section pressure vs. time trace(Test No. 155)

b) Test section photomultiplier output vs. time trace (Test No. 155).
High-speed video images of convective ignition test events (Test No. 155).
Magnified (50X) post-test XM-39 solid propellant surface (Test No. 148).

a) Pretest XM-39 Solid Propellant - graphite coating removed and surface
polished (Test No. 148, mag. = 800X).

b) Pretest XM-39 Solid Propellant - graphite coating removed and surface
polished (Test No, 148, mag. = 1600X),

c) Post-test XM-39 Solid Propellant - Upstream stagnation region A (Test No.
148, mag. = 600X).

d) Post-test XM-39 Solid Propellant - Upstream surface region B (Test No. 148,
mag, = 600X).

¢) Post-test XM-39 Solid Propellant - Liquid agglomeration at location D (Test
No. 148, mag, = 600X).

f) Post-test XM-39 Solid Propellant - Crater-like structures ncar region E
(Test No. 148, mag. = 200X).

g) Circular, crater-like holes located at position E (Test No. 148, mag. =
1600X).

Plot of Dimensionless ignition delay time vs. dimensionless heat flux, Q*.
Major physical and chemical processes involved in the convective ignition
of a cylindrical solid propellant grain
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A COMPARATIVE ANALYSIS OF THE CONVECTIVE AND RADIATIVE IGNITION PROCESSES
OF XM-33 SOLID PROPELLANT®

$.J. Rischie®, B.L. Fetherolt¥, W H. Hsieh$, and KK Kuo!

AMW&WW:&WH&M“ 39 solid propellant ignition. The
Mnmmhmmmuﬁdhﬂuﬁcm These e convective heat
trmnsfer into the material from a hot gaseous stream, radiative heat transfer from & hot sowrce, and conductive heat transfer
from a hot stagnant gas. Experiments] messurements of ignition delsy time and obeervations of physical characteristics
for the convective and radistive ignition processes have boen carried out using a shock mnnel facility and a high powered
CO? laser, respectively. The important physicel mechanisms of both types of ignition are identified and described. The
differences in ignition resulis cbtained by convective and radistive mechsnisms were interpreted in terms of goverming
physical characteristics.

INTRODUCTION

The fundamental physical processss snd chamical reactions which characterize the ignition of solid propellants in
bellistic applications wre difficult to detcrmine due to the extreme tcmperatures, pressures, prossible grain maotion,
grometric complexities, dynamic opatating conditions, and short time scales involved. With emphasis now placed on the

of insensitive or low vulnershility ammunitions (LOVA)! and novel ignition sources for ballistic systems
such as lasers, the nosd (0 undarsiand thoss processes has become an extremely important issue in the development of
impeoved propellant formulations. Gun simuistor fests provide m excellent method for analyzing solid propellant ballistic
pﬁhmmnddcm;ﬂnmhnncmyz's. However, simulator tests, by virtue of their complex
goometry, are difficult to interpret in terms of the Amdamental information which cun be more essily obtained by using
small-scale lasborstory tests. By using simpls geometries, these tests lend themselves to realistic mode! validation of the
chemical and physical processes which are important 1o the ignition of the material. The small-acale tests are not without
drawbacks. Most wsts focus on a singular form of snergetic input while striving ©© remove the effects of all other possible
energy sources. In & gum chamber, bowever, the main propellant bed is conventionally ignited through s variety of
mechanisms such a5 convection from hot primer gases, radistion from burning perticies and hot primer gases, and
mﬁmhmm‘ Therefore the results of sevenal different small-scale testz would be required o
characterize the ignition performance of & solid propellant to different heating conditions.

This program focuses on wnderstanding and relating the small-scale lsboratory tests which are used o examine the
ignition of solid propellanits subjected 0 thermal energetic input. This includes ignition response o radistive, convective
and conductive hest transfes phenomens. The approach is taken in several seps. First, the physicochemical characteristics
which govem the ignition of XM-39, an RDX-based LOVA solid propellant, when subjected w0 (1) convective heating,
nsing a shock tmnnel facility, and (2) radistive heating, using & CO; laser facility, were swdied independently. The
conditions chossn for each of these tests are similar 10 thoss present within a gun chamber. Secondly, an analysis has been
carried out by which the resuolts of the two different tests may be related w0 each other in & simple fashion, The results of this

program provide, at the very least, further information into the behavior of RDX-based propellant formulations o various
lhcnllmmh. Additionally, the snalysis may provide insight into potentislly similar chemical processes despite the
large differences in the physical method of tharmal inpot.

EXPERIMENTAL METHOD

Experimentally, this project wes divided into several differest wat programs. The first test program was performed w0
examine the ignition of cylindricel XM-39 solid propellant graine whan subjected w0 predominanily convective heating
from s high-temperature, high-pressure flow field. This type of flow is representative of what is found in standard gun
chambers during the practical ignition process. From the literature, it bas abready been shown that a shock tmnel facility
anﬂm&mdw:ﬁuhmfbvu&m7u Therefore, the shock tunnel facility used

mm-mmmmdmwmwmkmmkmmmm
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temperature, high-pressure flow field required for this portion of the project.

Amwwumbﬁuvcipﬂndmmﬂmwmmbjwdmhwm
radistive heating. An existing CO2 laser facility, especially designed to study solid propellant ignition under high-
pressure conditions14-17, was utilized for this part of the experimental study. The laser ignition tests were designed to
mmm«mwwmmm»ommmmmmwmwm
occur during the ignition of nitramine-based solid propellants. The two facilities are described briefly in the following
sections. Mmmmdmmm“'mndml"“fﬂmmbnmpvmprmly

r

HPCL_Shock Tume! Facility. The shock tumnel] facility was designed to be as long as possible to assure longer
tosting times and 10 have large intarnal diameter 10 reduce boundary layer interaction effocts on the flow properties. Il is s
total of 24.1 m (79 f) Jong. The driver section is 9.7 m (318 1) in length and the driven section is 85 m (279 &) in
length. The last 5.9 m (19.3 fi) section of the nmnel makes up the exhaust chamber for the induced flow. The inside
&moﬁbmﬂ spproximately 9.718 cm (3826 ). The driver section has & maximum rating of 12.4 MPa (1800

and is with helium gas. The driven section can be vacuumed down to pressures as Jow as 1.38 kPa (0.2 psia)
and the tost gas can be composed of any combination of oxygen and nitrogen. The mnnel is operated remotely via o test
console locamd just outside the test cell. Firing of the mnme] is accomplished terough s double burst disphragm technique
in order to achieve comsistenn incident shock strengths. A schematic diagrmm of the shock nmnel and associated

diagnostics is shown in Figure 1.
[—=—] .
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Figare 1. Schematic Diagram of Comvective Ignition Shock Tumel Test Facility and Associated Disgnostics

Convective Ignition Test Section. The test section is located st the and of the driven section and is characterized by a
mddmmmﬂuuchmgc&mmc97llm6326m)&mw|bdmlm-2.858cm(1 125 in.)
squere duct. A cot-out side view of the test section is shown in Figure 2. Quartz windows located on the wop and sides of the
test section (side windows not shown in the figure) provide optical access, Perforated plates are located st both the
upstream entrasce and downstream exit. The downstream exit plate acts as & nozzle which chokes the flow and controls the
uiocuyofsudlw;hdnutm 1hmyufaudplmwnﬂudbydth¢rKnhwwual9nuBut
and Caveny’ in their studies. It was added 10 help damp out initial pressure oscillations caused by the starting transient of
mmwwhmnbdwwepmlmmwm“huunmwmm

Diagnostics. Three Kistler 601B1 pressure trmaducers locsted along the driven section of the tumel detect the arrival

of the shock wave at fixed Jocations and are used o meagure the speed of the incident shock wave. Another Kistler 6018122
pressure tranaducer is located in the test pection, 2.54 cm (1.0 in.) upstream of the sampie, as can be seen in Figure 2. This
mWﬂummmmm{m To determine ignition delsy, five RCA 1P28 photomultiplier tubes
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mﬁm»Wanmﬂym&rmmManmWWofd:m
section. High-speed visualization of the event is accomplished through the two side windows. A Kodak Spin Physics
SP2000 high-speod video camera system is used with backlighting of the sample.

Isn Samples. The propellant wsed for this smdy was XM-39 with a formulation of 76% RDX, 12% celluloss
acetate/butyrate (CAB), 7.6% acetyl triethyl citrate (ATEC), 4% nitrocellulose (NC), and 04% ethyl centralite (EC). The
gruin geometry was cylindrical with & nominal dismeter of 7 mm (0.28 in.) and length trimmed 1o a constant 0.74 cm (0.29
m.). For comperative puypases with the laser ignition test, the graphite coating was removed prior to testing, and the
surface was polished until it was visually smooth.

The sample was mountod in the test saction with the induced flow perpendicular to the length of the grain. This
nhvc!ycmphpmlﬁowmymuﬁmaﬂabmnmmmmdmm;
ignition mechanizsms of the propellsnt. Mnmm;ofdnlmphmmunuumv-mmpluhodbydrmm a hole
m&-mdtbqwmAmMmduWWithmdM end holders,
The difference between the sizo of the test section (2.86 cm/1.125 in.) and the length of the sample (0.74 cm/A.29 in.) was
mdbyhmmhsmduh&nmmmdanhm-mﬂmmnymmcym
stretching across the entire test section. This was done o minimize end-ignition end end-burning effocts from the
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Figure 2. Cut-away Side View of Convective Ignition Shock Tumne! Facility Test Section
RADIATIVE IGNITION TESTS

CO2 Laser Ienition Test Eacility. The CO7 laser irradiation facility is shown schematically in Figure 3. A Coherent
Super 48 high-power CO? laser is used a3 the radistive energy source. This laser is capable of generating 800 watts in the
continuons wave mode and 3500 watts in the pulsed mode. A mask is used w block off all but & 0.7 cm (028 in.) dismeter
portion of the laser output beam. Spatially, this unhindered portion of the laser beam exhibits a Gaussian intensity profile
which is relatively uniform acroes the santple surface with losses of 10-15% near the edges. Heat flux generated by the laser
beam at the sample Jocation is measured using & combination of & calorimeter calibration device and a special insgument for
lasing time and beam intensity profile LN

The high-pressure test chamber is designed 1 be operated at internal pressures up 10 34.47 MPa (5,000 psi). Two
long, narrow plexiglass windows located on the “front” and "back™ of the circuler chamber provide optical access 1o allow
for high-speed filming of the ignition or flame spreading evenl. A zinc selenide window, protecied from combustion
products by a potatsiom chloride window, is mounted on the top of the chamb- - to allow for passage of the CO7 laser beam.
Sample insertion it accomplished through the botiom of the chamber.

Test conditions were similisr 10 those used for the convective ignition tests. The test gas used for all radiative
ignition lests was air and the pressures were in the range 1.38 to 1.79 MPa (200 to 550 psia). Heat flux rates were
comparable to the data of Birk and Cavenry 5. mmmmmmommwmé

Diagnostics. Ignition delay time was measured using a silicon photodiode positioned within the high-pressure test
chamber. The diode senses light emission in the visible wavelength range of 0.35 -1.15 um (3500 - 11500 A) with a peak

itivity a1 0.9 pm (9000 A). Daia from this diode is stored on a Nicolet digital oscilloscope which is triggered by the
firing of the CO; laser. Two types of cameras were used 10 film the test event and determine the ignition location and flame
sproad phenomena. A conventional video camera was used 10 record the XM-39 flame characteristics. A Spin Physics 2000
high-speed video camera (set 10 500 pictures per second) was used to record ignition and flame development.
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Test _Samples. The XM-39 solid propellant samples for the radiative ignition test had the identical chemical
formulation as the samples used in the convective ignition portion of this program. The samples were obtained in stick
form, approximately 10,16 cm (4 in.) in length end 0.7 cm (28 in.) in dismeter, end were not perforated or graphite coated,
These sticks were cut, by hand using ¢ razor blade, into lengths of sbout .S cm (.20 in.). These disc shapes were glued into
place on the sanple holder such that irradistion was on the flar end of the disc-shape.
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DISCUSSION OF RESULTS AND ANALYSIS

mmboﬁhecwvmmdndmnupnmmmmmdwmmembehw A portion
ofhmmnmrmluohnmdmdmhnebampmdwmly“' . A summary of convective
xmmed‘rmhsmhddhmphtm A finsl section is devoted to & comparative analysis of the ignition processes
o

RADIATIVE JGNITION TEST RESULIS

Ignition Delay Time. The ignition criteria for both the radiative and coavective tests had 1 be the same. The most
ensily messured parameter was the sppesrance of ¢ luminous flame zone. Therefore the ignition delay time (ti4) for the
radiative ignition lest is defined as the time between the spplication of the laser energy and the first visible light emission.
More rigorously, this value should be called the time to first light emission. This value was measured with the silicon
mmwmwummm A sevies of typical photodiode traces for the tests at 9° = 200
W/em? md various pressures are shown in Figure 4. Tgnition’ is very easily distinguished by the sharp rise in the early
stage of the event (6-7 msec). The time to Grxt light emistion at the various pressures are nearly the same even on an
expended time scale. Following this point, there are some intensity varistions snd afier laser cutoff there exists some
intensity oscillations which will be discussed in a Iater section. Ignition delay data sre shown in Table I. Included in this
table are the air pressure in the Lest chamber, the incident heat flux from the CO7 laser and the ignition deley time, The data
from Table 1 is shown on a Jog-log plot of the delsy time versus incident heat flux (see Figure 5). The data points shown on
the piol represent measurcments at pressures of cither 1.38 or 3.79 MPa (200 or 550 psi). Figure 5 also includes the data
from the convective ignition test program in the same pressure range. This dats will be described separately in Iater
section. The correlation of the radistive ignition data is given by equation (1):

6260.
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Ignition Locatign. Direct high-speed video of the ignition event was used o observe the first light emission
location. The initial surface location of the propellant was marked using adjustable reticies on the viewing screen of the
Spin Physics 2000 system. The position at which light could first be observed was compared o this surface location. The
location of the first luminous reaction, messured using the described method, was in the gas-phase very near the surface.
The proximity o the surface was expecied due o the reasonably high-pressures under which ignition was achieved. To more
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Figwe 4. Phowdetector Intensity Response During Laser Ignition Tests at Various Pressure Levels
(Incident Hest Fiux = 200 Wicm2, Propellant Type = XM-39, Test Gas = Air)

Table I. Summery of Test Conditions and Resulis for Radiative Ignition Teats of XM-39 Solid Propellsnt in Air

Test Pressure Incidert Heat Flux tid Test Pressure Incident Hest Flux tid
No.__MPa (caia) wm’ Gog) | No.  MPs (oein) Whnz (ms)
001 138 (200) 12.35 011 138 (200) 1.8
002 2.07 (300) 130 13.18 012 3179 (550) 315 3.25
003  3.79 (550) 130 12.39 013  1.3%8 (200) 375 3.40
004 138 (200) 190 1.0 014 133 (200) 375 4.30
005  1.38 (200) 200 6.5 015 3.7 (550) 375 31.50
006 241 (330) 200 741 016 3.79 (550) 130 13.2
007 3.9 (550) 200 6.1 017  1.38 (200) 130 13.6
008 3.9 (550) 200 7.6 018 379 (550) 250 5.2
009 3P (550) 200 8.5 019 138 (200) 250 5.3
010  3.79 (550 200 1.6 020 138 250 5.6
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Figure 5. Radiative and Convective Ignition Delay Data in Terms of Average or Incident Heat Flux and Pressure
(Propellant Type: XM-19, Ambient Gas: Air).




accurately determine the site of the luminous reaction zone, significantly better time and spatial resolution are required than
emn be achisved with the Spin Physics systema, There is a tradeoffl between the light sensitivity of a camera system, the
magnification of the image, and the framing rate employed.

YL Rezvonse _of Photodetector Durin rsnsition 1c i ’ i0n md‘yﬂlﬂlﬂ l‘ﬂlm
phesomena following the onset light emission can be snalyzed mndumgmephomdndemlmmyvmmm
shown in Figare 4, A1 s fixed incident laser heat flux (200 W, ), 8 change in chamber pressuse significantly affects the
intensity reading of the photodiode. Immedistely sfier the onset of light emission, the photodiode intensity hes the
steepest Tise for the highest chamber pressure of 3.79 MPs (550 psig). This is probably due w higher collision raies and
associated chemical resction raes at the higher pressure. However, the slope values do not decresse consistently with
pressure. This can be explained by congidering s competing mechmnisrn. The blowing velocity at the pyrolyzing surface of
the sample depends inversely on the chamber pressure. Early in the ignition process, the surface sempersture at the anser of
light emission is approximaiely indepeadent of pressure; this can be pertially justified by the independence of the light
emission tims with respect 1o pressure.  Based upon the mass flux contimity at the pyrolyzing swface, the lower the gus
density (chamber pressure) is, the higher the blowing velocity. As a result, the luminous gases can be ejected further
wwmmmmgummmmmmmmmmmm
pressure is higher,

Following laser cutoff, the intensity Jevel of the photodetactor output does contizue 1o rise 10 an initial maximum
peak. Accoeding 1o the results obtained and thown in Figure 4, the time batween laser cutoff and the first maximom is
longest for highest chamber pressures snd the shortest for the lower chamber pressure. This dependence could be due to
increased gas-phase chamical reactions at the higher pressures. The chemical inertia of the reacting gas mixture is higher
at higher pressures.

Following this first maximom pesk, there is a significant drop in intansity levels at the lower chamber pressures.
This is commonly known as a deradistion effect. The drop is becsuse the gas-phase chemical reactions cannot generate
enough energy to fully replace the external laser energy source which has been removed. Al the lower preszures this is move
significant for two ressons. First, the blowing velocity is higher and therefore the pyrolysis products are carried further
from the samaple surface. The second reason is the reduced intensity of the chemical reactions st the Jower pressures, which
Jowers the thermal energy content of the rescting media. The effect of both these reasons is a reduction in the heat feedback

to tha sample surface.

For the conditions in this program, the deradiation effect was not significant enough to fully quench the ignition
process. The dynamic period following this process is very imteresting. At Jower pressures (138 MPa, 200 psig), the
luminous flame zone exhibits 2 very pronounced periodic oscillstion ai close 10 10 Hz. As the pressure is increased w0 2.41
MPa (350 paig), this periodic oscillation of 10 Hz is still noticeable but the wave contour is not as distinct. Al the highest
pressure tested, 3.79 MPa (550 psig), the intensity level is more or less constant, with 8 higher frequency of oscillation.
This oscillatory or flame shedding behavior was very consistent and reproducible at the lower pressures but not so af the

higher presssures.
CONVECTIVE IGNITION TEST RESULTS

Ercosream QOxvpen Dependency. For the tests performed in a nitrogen environment, no ignition or laminous flane
was detecied by either the high-speed video or the photormultiplies rube detection system. 'When the test gas was changed
to sir, ignition of the XM-39 solid propellant grain was observed for many of the imposed test conditions, A definite
freesmream oxidizer dependency of the ignition delsy time was observed. This result substantistes previous observations by
others. Birk and Caveny”+8 showed & similizr result for KMX/PU propellant. Chang and Rocchio? have also shown that
oxidizer rich igniters can reduce long ignition delays in gon simulator studies of nitremine-based propellants,

Isnition snd Flame-Spread Obscrvation. The observed ignition and flame-spread phenomena was similar for all tesi
in which ignition was observed. Sill pictres aken from the high-speed video of a typical test were shown in Reference
18. The first evidence of luminosity was slways observed in the region of boundary layer separation in a location just
beyond 90° from the leading edge. The flame would spread form this Jocation in only the downstream direction until the
entive rearward nurface was covered, Mohavmmm:mﬂum:hmeotBnknanuy’sfummcd]uhe
based propellants. It would seem that many of the important physical processes involved in the convective ignition of
these different propellant types are very similiar,

Lamnition Delay Time. The photomultiplier tube which first yecorded s signal larger than three times the average noise
value was used 10 determine the ignition delsy value. This ignition time was compared to the observed video resulis for
clarification. In many cases, a flash of light from the sample nrface could be observed very early during the test time (< 3
ms). Mﬂwmwudnohmedbynutdeavmy'”mMmﬂyofmmllulmpmpenmu It can be
explained using the following rationalization. When the incident shock wave arrives in the test section, the heating rates
1 the sample are very high. This has boen substantisted by the heat flux dats taken by Birk snd Caveny?-8, Gasification




of the propellant material can take place and subsequant reactions are observed. However, in tests done for this program,
this momentary ignition was not always able to suswain burning for the entire test time because the heating rates decrease
sharply with the onset of the quasi-steady flow through the test section. The sample, once quenched, would asually, but not
slways, reignite later during the steady-state convective heating period and sustain bumning until the end of the test ime. It
is this appearance of this second luminous region which has boen used o define the ignition delsy time (tg).

The ignition delay results from the convective ignition testing have been tabulated previously!$-20 ungd are plotied
here with the radiative ignition results on a log-log scale as shown in Figure 5. The resulting correlation for the ignition
delay versus sn average heat flux is given by equation (2).

_3.6x10"%
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‘The use of sn sverage heat flux value is an attempe to display the convective ignition test results into the same form as the
radistive ignition test results. In this way a comperative discussion of the two tests can be more easily carried out. This
vdueumtmamwn:plydmhbnmgmumﬁmmhmmnmuﬁu. The heat flux data taken by

Birk and Caveny’> mmlynbwtvm:mnnhmﬂmbme:mﬁenfmsnﬁmofmpﬂnmﬁmu

leading edge. However, the sverage value, found using the following reistionships, provides a means of qualitative
comparison between the convective ignition resalts:
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temperature, and the diameter of the sample. The temperature difference was chosen to be the maximum achievable value
between the initial temperature of the sample and the freestream temperature. The aversge Nusselt number (Nup) is

ul:nhxdm;ﬂnﬁoﬂnwm;fnrmuhfwﬂowm:cyhndau

25
Nap=0.26Rep; Pr" 33’("’)
Pre )

'I'halldnmpt {s) indicates the value of the Prandt] number evaluated st the surface tempersture. This surface temperature was
fixed at the initial sample temperature for al) calculations.

M ic Analvsis of Propellant Strface Charscieristics. Both optical and scanning electron microscopy (SEM)

l-

analyses were onmoveedmmpluw'm The micro-photographs indicste the formation: of a liquid ‘melt’
Isyer similar to duaibedbymomummdlmbuofmlihmmvmuemm
surface. Thcu also s number of circulsr holes in the surface, especially in the region where ignition was observed.
These hol mmmw;mmmmmmmammm
large RD aymk boen ejected from the surface. ‘The resuls of this study are descyibed im greater detail slong
with & o[m—photogupb:inthnﬁmdﬂed.

COMPARATIVE ANALYSIS OF IGNITION RESULTS

It is clear from the plot shown in Figure 5, that the convective and radiative ignition processes have very different
charactesistics which controt the ignition process. The spproach taken bere is similiar to that anempted by Keller &1 o113
for composite ammonium perchlorate solid propellants. At the lower heat fluxes where the data from the different tesu
collspse onto the same line, it is safe to assume that mn inert heating process of the solid materisl dominates both
processes. But as the heat flux is increased, the data follow very differemt trends. Consider that, if ignition were due to a
surface Lemperature criteris and the material were to reach this temperature via an inert heating process, the slope of the
curve plotted on Figure 5 would be -2.0. This would fall between the slopes of the convective and radiative data. The
phenomena exhibitzd by both the convective and radistive results can be explained if pre-ignition gas-phase processes
which are important 1o the ignition of XM-39 solid propellant are considered.

In the case of the radiative ignition process, gases gencrated by pyrolysis of the XM-39 propellant escape from the
swface into & relatively low tempersture ambient environment. This slows down the reactivity of the gas-phase and leads 1o




a'lmefﬁdm xgmmnof:hcmnmlwhmeompundbmemhum;pmmdthenegmellopeoflhedmu
less than -2 (ie. energy is lost 10 the surrounding ambient gases). In the convective ignition test, the pyrolyzed gases are
enmmedmthcmhnvdyhghmwmbouﬂrth ‘Therefore, further heating of the gases can occur and increase
subsaquant chemical reactivity. Additionally, the fluid conditions around the cylindrical grain ‘collect’ the pyrolyzed gases
in the region just beyond the separation point of the boundsry Ixyer. This increases the mixing process and the local heat
feodbeck 0 the condensed material. Since the gas-phase heating and mixing effects are not considered in the average heat
flux value used to plot the convective data shown in Figure 5, the convective ignition data appesr to be more ‘efficient’ than
an inert heating case and therefore display a slope of -5.9,

POSTULATION OF A GENERALIZED KRMITION DELAY CORRELATION FOR DIFFERENT MODES OF ENERGY FLUX

The major differenc:.. between the convective and radiative ignition processes are (1) the presence of hot versus cold
gases adjacent to the sample surface, and (2) boundsry layer flow versus atagnant conditions. It iz these physical
dﬁmwhﬁmkm@hiqmof&emmmmmmgmm
mechanisms cxn be made. To bridge the gap between the two different ignition processes, an intermadiary ignition process
should be considered. thmenhm:mmofm-wmnmmbjxmdmmvemw
a bot, stagnsant gas a1 temperstures and pressures equivalent to those generated by the convective test facility. Ignition
tesis could bo carried out under systematic variations of ambient gas temperature, oxygen mass fraction in the smbient gas
mixture, and the initial propellant tempersture. These data, wgether with those already collected, could be used 1o develop a
more generalized correlation given below:

tz= C (Tgus,ambient , Tinitial,propeliant , YOx,ambient)
(41" (Tges.axmb. . Tinit prop. , YOx,amb.) ©

where the exponent, n, and numerator, C, are functions of the various paramesers indicated. Therefore, the values of both n
and C could vary according to opersting conditions. In this manner, the two different curves on Figure 5 could be

represented by the same equation.

The sbave correlation could be extended to further include the convective ignition data by considering the flow
conditions represented by dimensionless groups, such as Reynolds number and Prandt] number in the functionsl forms of n
and C,

_ C (Tgas.ambient , Tinitialpropellant , YOx,embient , Reo , Pr)
{43 (Tgas,amb., , Tinit.,prop. , YOx.amb. , Rep , Pr) S

The final empirical correlation would provide a generalized equation capsble of prediciing the time 10 first light emission
time for any mode of thermal energy input.

SUMMARY AND CONCLUSIONS
The following conclusions about the radiative ignition of XM-39 LOVA propellant can be reached:

* The ignition delay time for XM-39 solid propellant has been successfully measured using a CO7 laser facility for a
variety of incident heat flux and chamber pressure conditions. This delay time, when plotied versus incident heat flux on
a log-log plot, correlates to a slope of -1.3.

¢ There is no significant pressure dependency on the time to first light emission for XM-39 in the range of pressures
between 200 and 550 psig.

s Observed gas-phase ignition is located very nesr the propellant surface.

* There is a deradistion effect associated with the laser cutoff;: Lhe magnitude of the resulting decay in light intenstiy
increases with decreasing chamber pressure.

« The effect of pressure on the ignition dynamics has been observed. The light intensity oscillation is more pronounced
at lower pressures.

With respect to the convective ignition of nitramine propellants, the following can be concluded:

+ Convective ignilion and flame spreading phenomena of XM-39 solid propellant have been successfully observed.
Strong evidence of gas-phase ignition mechanism has been experimentally observed. Sustained comvective ignition
occurs in the region near the boundary-layer separstion point.

. mmor&euumo:mmuvaymmmﬂwmwm lnthelhlmoeofondlmmlheutgu.
no convective ignition was observed in the range of operating conditions tested. Ignition was achieved in tests carried
oul in air under most operating conditions.
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. 'l'lulgmnondahymnehubomoqmlamdwlnmmﬂmuhenﬂuhﬂ:metbpaof-59oneb;-bgplot.
- = Microscopic malysis of recovered propellant samples shows the formation of a liquid layer and a series of circular holes

whsdlaouldbereprummuofbubblufm;mmeeondmedplwe The composition of this liquid and it
imporance o the ignition process is still unkown and should be studied further.

Based upon the comparison between the radiative and convective ignition dana, the following points can be concluded:

s Two different slopes have been identified for the light emission time versus extemal energy fiux associated with two
differat modes of energy transfer. At the same heat flux value, the light emission time is shorier for convective
ignition than that of radistive ignition. The reason for shorter light emission times wnder convective ignition is due to
the hot gas environment, increased mixing of pyrolyzed geses due 1 shear flow, and prolonged residence times within
the recirculation zone near the seperation points of the boundary Layer flow.

. Eventhou;hdnh;hxeuusmnnmemmhwﬁumumdumfummvemdmumwe
believe that the results shown could be represented by the same equation with varisble coefficient (C) and exponent (n),
as Jong as the parameters controlling the operating conditions are properly accounted for in these two varisbles.
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